Electrochemical Studies of Iron, Cobalt, and Nickel Complexes of Bidentate Phosphine Thioether Ligands by Turner, Robert L.
Eastern Illinois University
The Keep
Masters Theses Student Theses & Publications
1987
Electrochemical Studies of Iron, Cobalt, and Nickel




This research is a product of the graduate program in Chemistry at Eastern Illinois University. Find out more
about the program.
This is brought to you for free and open access by the Student Theses & Publications at The Keep. It has been accepted for inclusion in Masters Theses
by an authorized administrator of The Keep. For more information, please contact tabruns@eiu.edu.
Recommended Citation
Turner, Robert L., "Electrochemical Studies of Iron, Cobalt, and Nickel Complexes of Bidentate Phosphine Thioether Ligands"
(1987). Masters Theses. 2603.
https://thekeep.eiu.edu/theses/2603
Electrochemical Studies of Iron, Cobalt, and Nickel 
Complexes of Bidentate Phosphine Thioether Ligands 
(TITLE) 
BY 
Robert L. Turner 
THESIS 
SUBMITI�I? IN PARTIAL FULFILLMENT OF THE REQUIREMENTS 
FOR THE DEGREE OF 
Master of Science in Chemistry 




I HEREBY RECOMMEND THIS THESIS BE ACCEPTED AS FULFILLING 
THIS PART OF THE GRADUATE DEGREE CITED ABOVE 
UAlt /"\UVD(.l\ 
DATE DEPARTMENT HEAD 
Elect r ochemi c a l  Stud i es o f  Iron , Cob a l t , and N i ckel 
Comp lexes of Bident ate Phosphine Thioether Ligands 
Thes i s  App roved 
Dr. R ichard L. Keiter 
/} 
Dr. David H .  Buchanan 
Dr. David W. Ebdon 





THESIS REPRODUCTION CERTIFICATE 
TO: Graduate Degree Candidates who have written formal theses. 
SUBJECT: Permission to reproduce theses. 
The University Library is receiving a number of requests from other 
institutions asking permission to reproduce dissertations for inclusion 
in their library holdings. Although no copyright laws are involved, we 
feel that professional courtesy demands that permission be obtained 
from the author before we allow theses to be copied. 
Please sign one of the following statements: 
Booth Library of Eastern Illinois University has my permission to lend 
my thesis to a reputable college or university for the purpose of copying 
it for inclusion in that institution's library or research holdings. 
Date Author 
I respectfully request Booth Library of Eastern Illinois University not 
allow my thesis be reproduced because ������-��������
Date Author 
m 
DEDICATED TO THE MEMORY OF 
DR. EDWARD OWEN SHERMAN 
1 9 3 6  - 1 98 6  
ABSTRACT 
The electrochemical behavior of a series of cationic 
complexes, [Ni (S-P ) 2] 
2+
, 
2+ [Co(S-P)2cH3 CN] , where 
2+ [Fe (S-P) 2 (CH3CN) 2. S
] and 
S-P= (C6H5)2PCH2cH2scH2cH3, has 
been examined in acetonitrile on mercury and platinum 
electrodes. The nickel compound was reduced in two 
reversible diffusion controlled, one- electron transfers. 
Addition of P P h3 (Ph=C 6H5) and S- P caused a positive 
potential shift in the nickel(I) to nickel(O) wave. An EC 
mechanism was postulated to account for this shift. The 
chemical reaction was believed to be substitution of the 
phosphine substrate with opening of the chelate ring. The 
cobalt compound was reduced in three diffusion controlled, 
one-electron transfers, and oxidized in a quasi-reversible, 
diffusion controlled one-electron transfer. The cobalt(II) 
to cobalt(I )  and the cobalt(O) to cobalt(- 1) waves were 
reversible while the cobalt(I) to cobalt(O) was 
quasi-reversible. The quasi-reversible behavior suggested 
an EC mechanism with the loss of acetonitrile. Addition of 
P Ph3 and S-P caused a positive potential shift in the 
cobalt(I ) to cobalt(O) wave. The same type of substitution 
reaction observed for nickel was believed responsible for 
the potential shift. The iron compound was reduced in two 
one-electron transfers which were kinetically controlled, 
and oxidized in a single one-electron transfer which was 
diffusion controlled. The oxidation was quasi-reversible 
while both reductions were irreversible. 
i 
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SECTION I 
INTRODUCTION 
Catalys t s  are u s e d  in the indu s t r ial  pr oduc t ion o f  many chemical 
commo d i t i e s . Al though a greater volume of cataly t i c  produc t ion is  
ob tained w it h  he t er ogeneous sys t ems , the  use  o f  homogeneous trans it ion 
me tal complexes  in the s yn the s is of a var iety  of organic  chemicals  has 
grown in re cent years . The s e  trends ne c e s s i t a t e d  the development o f  new 
pro c e s s e s  in the produc t ion of monomers  and fue l s . [1 , 2 , 3] 
The allur ing f eature tha t led  t o  wid e s pread ado p t ion o f  homo geneous 
sys t ems , part icularly trans i t ion me tal  c ompl exe s ,  in the deve lopment of 
new proc e s s e s  was s e l e c t ivity . [2] For the s e  reasons inve s t igat ions that 
no t only o p t imiz e exis t ing cataly t ic sys t ems bu t  develop novel compounds 
as  p o t ential  homo geneous catalys t s  are o f  importanc e .  There fore , the 
purpo s e  of this inve s t igat ion was to examine , with e l e c trochemical 
me thods , var ious compounds as  p o t ent ial c a t alys t s . 
S uc c e s s  o f  this work was dependent upon the s e l e c t ion o f  c ompounds 
which po s s e s s  an appropr iate  e l e c tronic balance conduc ive t o  catalys i s . 
For a part icular complex this  e l e c tronic balanc e is  dependent upon the 
central atom,  the oxidat ion s t a t e  of that a t om ,  the type and numb e r  of 
l igand s , and the bonding interac t ions o f  the l i gands with the me tal . 
The homo geneous complexe s , trad i t ionally eas ier  t o  analyz e than 
heterogeneous [4 ] ,  are mod e l e d  a f t e r  s imilar cataly t ic sys tems in the 
lit erature . Coordinat ion c ompounds with the ir me t a l s  in lower oxidat ion 
s ta t e s  have played  imp o r t an t  r o l e s  in catalys i s . [5] Current r e s earch in 
this area includ e s  a t t emp t s  to generate  e l e c t r o chemically a s tab l e  
speci es  which i s  properly s u i t e d  for  s e l e c t ive cataly s i s  ( e . g . Figur e s  
I- 1 (A) , ( B ) , and ( C)) . [6 , 7] A group o f  l igands that has generally 
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Figure I - 1  (A) Catalytic cycle for the 
generation of biaryls from ary l 
halides. 
( B) Catalytic cycle for the 
electrochemical reduction of 
co2 to formic acid. 
( C ) Catalytic cycle for the 
electrochemical reduction of 
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impar t e d  low oxidat ion s ta t e  s tab ility  is  the pho s phines 
(PR 3;R=H , CH3 , ctt2cH3 , c6H5 , e t c . ) .  N icke l was selected as a 
central me tal  due to  i t s  ideal redox proper t ies and i t s  pas t succes s in 
homogeneous cataly s i s . [ 6 , 8 , 9 )  In add i t ion t o  s t ab i l ity , the low 
oxidat ion s ta t e  c omplexes  mus t  pos ses s a react ive coordina t ion s i te , 
which is current ly cons idered  the s ingle mo s t  imp o r t ant prope r ty 
res pons ib le for  c a talyt i c  behavior .  [ 4 ]  Con t r o l  o f  the b onding proper t i e s  
o f  the reduc ed  complexes is  ne c e s s ary f o r  d i rect ing a react ion at  a 
spec i f ie d  coordina t ion s i te . 
An examp le  o f  a monodentate  cataly t ic comp lex is Ni ( PPh3)4 , 
which i s  u s e d  t o  catalyz e the produc t ion o f  b iaryl s f r om aryl halide s ,  
F igure I- l ( A) . [ 1 0 )  Gene rally , however , these pho s phine sys t ems are no t 
s tab le a t  lower oxida t ion s ta t e s  due to  the cleavage o f  a me tal­
phos phorus bond . [ 5 , 1 1 - 1 5 ) For example , the re duct ion of [ N i ( PPh3 ) 4 J 
[ C l04 J 2 involve s an EECE me chanism ,  where  E i s  an e l e c tron trans f e r , 
and C is  a chemical  reac t ion . [ 1 2 )  
An inc r e a s e  in the numbe r  o f  b ind ing s i tes ava i lab le  on the l igand 
is  used  to ob t a in s tab i l i t y  ( e . g .  chelat ing or  b identate  ligand s ) . [ 4 , 1 6 ) 
An example  o f  a b ident a t e  cataly t i c  c omplex i s  B i s ( P-P)rhod ium (P-P 
D ipho s = 1 , 2-bi s(d iphenylpho s ph ino)ethane ) ,  Figure I- l (B) . [ 1 7 )  
Inc r e a s e d  s tab i l i ty o f  c omplexes  containing chela t ing l igands is  expec ted 
s ince the enthalpic  f a c t o r  (e . g .  me t a l / donor b ond s t rength of pho s phine s 
compared  to  hal id e s , e t c . )  and the entropic fact o r s  are b o th optimized . 
Op t imiz a t ion o f  the s e  thermodynamic quan t i t i e s  p rov ides  a plaus ib le 
exp lanat ion for the l imi t e d  reac t iv i ty ob s e rved for the s e  s y s t ems . [ 1 7 )  
An example o f  a b identa t e  c omplex that i s  e lect r ochemic ally irrever s ib l e  
and uns table is  [ Fe ( P-P)2(CH3 CN)2 ] [ BF4 J 2 . [ 1 5 ] 
S ince  this  proj e c t  b e gan ,  Dub o i s  and c oworker s envis ioned 
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int roduc ing a par t icular me tal  to  a s e r i e s  of polyd e n t a t e  l i gands . By 
coordinat ing the me tal  to l igands that contained two (b ident a t e ) , thr e e  
( tr identa t e ) , and four ( t e traden t a t e) donor a t oms ,  enhanc ed  stab i l i t y  and 
reac t ivity  are expec t ed to be ob s e rved . For those me ta ls tha t are  
or iginally s t ab le  and unreac t ive with  b ide n t a t e  l igand s , c oordina t ion 
with a gre a t e r  number  o f  donor atoms is  hope d  t o  inc r e a s e  reac t ivity  on 
at  l e a s t  one coordinat ion s i t e . ( 1 8 ]  An example of a polydentate  
catalytic  c omplex is  Pd ( PhP ( CH2 cH2PPh2)2 ) ( PPh3 ) ,  Figure 
I- l ( C) . ( 1 7 ]  The po lydenta t e  l igands appear to  stab i l i z e  a numb e r  of low 
oxida t ion s t a t e  t r identate  pal ladium spe c ies ,  provide  the prope r 
condi t ions for  cataly t i c  s e l e c t ivity , and dir e c t  this  ac t ivity at  a 
s ingl e  coordina t ion s i t e . 
In this inve s t iga t ion ,  a change in one o f  the dono r  atoms of a 
b ident a te  phos phine l igand was de s ired in orde r to change the bonding 
prop e r t i e s  of a nicke l , coba l t , and iron complex t h e r eby enhanc ing their  
s tab i l i t y  and reac t ivity . Synthe s i s  of such a spe c i e s  involve s  
incorporat ing both a s t rongly and a we akly c o o r d ina t ing donor a t om ,  with 
r e s p e c t  t o  the oxidat ion s ta t e , in the s ame chelat ing l igand ( i . e .  
hemilab i le ) . S tab i l i z a t ion is  obtained with the st rongly bound atom ,  
whil e  enhancement o f  the me t a l / sub s t r a t e  int e r a c t ion i s  ob t a ined with the 
weakly bound atom .  
Pho sphine-ethe r , pho sphine-amine , and phosphine- thioe ther syst ems 
have all b e en synthesiz ed . ( 9 , 1 9 , 2 0 ]  Lowe r oxida t ion s t a t e s  of 
pho s phine-ether and phosphine-amine c ompl exes  are  no t expe c t ed to be 
eas ily ob t a ined e l e c trochemically unl e s s  another stab i l i z ing l igand i s  
present ( e . g . carbon monoxide) s ince t h e  e ther  and amine c a n  a c t  only as  
s igma-donor s . ( 1 9 ]  The only l igand that  was des ired t o  s t ab i l i z e  the 
complex was the hemilab ile  l igand . In add i t ion , mo r e  than one a c t ive 
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s i te  may b e  generated with a numb er  o f  hemilab ile  l igands . The sulfur 
donor atom o f  the thioe ther is  po t ent ially capab l e  o f  accept ing e l e c tron 
dens ity from a me tal  in its lowe r oxidat ion s ta t e s . Thus , a 
pho sphoru s / sulfur hemilab i l e  l igand was s e l e c t ed . 
The cho ice  of  l igand was 2- (dipheny lpho sphino ) - 1 - ( thioe thy l ) e thane ,  
( C 6H5 ) 2PCH2 cH2 sc 2H5 ( S-P ) . Synthe s is o f  this  l igand has b e en 
repo r t ed . [ 2 1 ]  Synthe s i s  o f  the [ N i ( S-P ) 2 ] [ C l04 ] 2 complex has a l s o  b e en 
repo r t ed . [ 2 1 ] This  me thod was extended t o  synthe s i z e  [ Co ( CH3 CN) ( S-P) 2 ] [ BF4 J 2 
and [ Fe ( CH3 CN) 2 . 5 ( S-P ) 2 ] [ BF4 J 2 • In o ther S-P sy s t ems c ompe t i t ive anions 
have b e en shown t o  y i e ld f our , f ive , and s ix coordina t e  s p e c i e s  with 
nicke l ( I I )  and cobal t ( I I ) . [ 2 0 , 2 2- 2 4 ] The s e  sys t ems wer e  synthe s i z ed with 
a weakly coordina t ing anion , t e traf luorobora t e . Onc e synthe s iz ed ,  the 
redox charac t e r  of the ir reduc t ion t o  lower oxida t ion s ta t e s  was 
unde r t aken . 
E l e c t r o chemical  me thods are valuab l e  in he lping t o  de t e rmine 
s pe c i f ic prope r t i e s  of catalys t s . The two me thods s e l e c t ed t o  s t udy the 
redox behavior  of the S-P trans i t ion me tal  c omplexes wer e  l inear swe ep 
D . C .  po larography and cyclic  vo l t amme try . Both  o f  the s e  are micro­
e l e c trode , no t bulk , me tho d s . S ince  the e l e c trode s ( e . g . plat inum or  
me rcury)  are in a dif f e r en t  phas e  f r om the e l e c troac t ive s p e c ie s , a l l  the 
e l e c tron trans f e r  react ions in e l e c t ro chemical  sys t ems are he t e r ogeneous 
in nature . [ 2 5 . 2 6 ]  
Polarography me asures  the current at  a dropping mercury e l e c t rode 
(DME ) as  the po tential  is l inearly s c anned . The s c an ra t e s  are s low , 
0 . 20 0  V/min , s o  that dur ing a drop  l i f e  the p o t ent ial is  cons idered 
cons tant . An exc e s s  o f  s uppor t ing e l e c trolyte  is  required  t o  reduce the 
r e s is tanc e o f  the c e l l  and c r e a t e  condit ions under which dif fus ion i s  the 
sole means o f  mas s  transpor t .  
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Conside r a cathodic swe ep whe r e  redu c t ion oc curs , equat ion 1-1. 
OX + ne ---) RED 1-1 
A current pot ent ial curve for a reve rsib l e  reduc t ion will  appear as the 
curve in Figur e 1- 2 . The residua l  current (r e g ion a ) , f aradaic  current  
( region b ) , and the  l imit ing current  (r e g ion c ) are sma l l  sign i f y ing a 
mic roe l e c t rode measurement . [ 2 6 ] Nernst desc r ib e d  the wave in Figure 1-2 
a s  
E 1-2 
whe r e  E is  the pot ential  along the wave in vol ts ,  E 112 is the half  wave 
pot ential  in vol t s , i1 is the l imit ing current in microamperes , and i 
i s  the current along the wave in mic roampe res . [23] 
The wave in Figure  1 - 2  consists of a numb er  of drops , Figure 
I-3 (A) . Dur ing each drop the current inc rease s .  As each drop b e g ins its 
l i f e , currents  r e f l e c t  a pot ential  step at  the e l e c t rode . A por t ion of 
the current re charge s the doub le  layer  (e . g . the  charging of a c apac itor ) , 
F igur e  I-3 ( B ) . The f arada ic current is obse rved due to reduc t ion , Figure 
I-3 ( C ) , that is  dir e c t ly r e l a t ed to the siz e o f  the drop (e . g . e l e c trode  
area) . The  current  ass igned to  the  reduc t ion is  measured  at  the end  of  
the  drop life  whe re the  r e s idual current and the change in  the f aradaic 
currents are sma l l . [ 2 5 ]  
The e quat ion int roduced by Kou t e c ky for the current of a d i f fusion 
controlled proc e s s  at  the end of drop l i f e  is 
whe r e  i 1 is  the di f f usion current in microampe res , n is the numb er  of 
e l e c t rons involved in the reduc t ion ,  D is the di f f usion coe f f ic ient of 
0 
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F igure  1-2 Ideal reve r s ib l e  current 



















F igure I-3 Total (A) , charging (B ) , and 
farada i c (C ) current dur ing a dr op 














2 -1 OX in cm sec C is the bulk concentration of OX in mmoles 
0 
-1 -1 liter , m is the mercury flow rate in mg sec and t is the drop 
time. (27 ,28] 
The total current for a process is extracted from the current 
potential curves by measuring the current on the plateau of the wave. 
The residual current is linearly extrapolated to the potential at which 
the plateau occurs. The residual current is subtracted from the total 
current, giving the corrected limiting current, Figure 1-2. All values 
reported for this project are corrected limiting currents. 
For a diffusion controlled process, the limiting current is directly 
related to the square root of the height. However, the limiting current 
can be controlled by kinetic currents. 
Complex ---7 OX (at electrode surface) 
Ox + ne -----=> Red 
In this case the limiting current is a function of the rate of the 
chemical reaction. An adsorption current is limited by the number of 
molecules adsorbed on the electrode surface. The adsorption current is 
consequently directly related to the height of the mercury column. A 
plot of ln(current) versus ln(height) provides information that 
identifies the limiting current process. 
The half-wave potential (E112), Figure 1-2, is characteristic of a 
given species undergoing electron transfer. The value of the half wave 
potential in equation 1-2 is 
o' E + (.0591/n)log(D /D d) ox re 1-5 
o' or the sum of two constants where E is the standard formal potential 
for the couple and D and D d are the diffusion coefficients for ox re 
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the oxid i z e d  and reduc e d  s p e c ie s , r e s p e c t ively . For a reve r s ible  reac t ion 
the s e  dif fus ion c o e f f ic ients  are s imilar . Thus the hal f  wave po t ent ial is 
a good approxima t ion o f  the formal po tent ial . For a reve r s ib l e  sys t em ,  
the p o t ential  remains independent o f  the bulk concentrat ion . 
A t e s t  o f  rever s ib ility  is  done by plo t t ing equat ion 1 - 2 . The s lope 
indica t e s  reve r s ib il i t y  and the numb er  o f  e l e c t rons involved in the 
reac t ion . I f  an e l e c tron trans f e r  rate  is  f as t , by the t echnique employed 
for  a mea surement , the reac t ion is  de f ined  a s  rever s ib l e . For example , 
3 -1 rate  cons t an t s  o f  2 X 10- cm s e c  and gr e a t e r  appear reve r s ib l e  in 
polarography . 5 -1 Tho s e  b e low 3 X 10- cm s e c  appear t o tally 
irrever s ib l e . Fac t o r s  such as  e l e c tron t r an s f e r  rate , p r e c e d ing chemical  
reac t ions , f o l l owing chemical  reac t ions , adsorpt ion , and mas s  t rans f e r  
e f f e c t s  c an d e t e rmine rever s ib il i ty . 
For an irreve r s ib le reduc t ion the r i s ing port ion o f  the wave is  mo re  
drawn out . The e l e c t ron trans f e r  is  s low , which re tards the  current and 
draws out the shape of the wave . The d i f f erence  in wav e s  is illus trated  
in  Figure I- 4 . [ 25 , 2 6 ]  
Vol t amme try measur e s  the current at  a planar plat inum disk e l e c t rode  
as a func t ion o f  p o t ent ial . The  l inear p o t en t ia l  s c ans  are fas t ( e . g . 10 
V/min) . D i f fus ion , ob t a ined with a suppor t ing e l e c t r o ly t e ,  is  the s o l e  
means o f  mas s  t ranspo r t . 
A typ ical  v oltammo gram i s  shown in F igure 1-5 . The current ( re g ion 
a)  due t o  charging of the doub l e  layer , a f aradaic current as  reduc t ion 
b e g ins to t ake place , and a maximum current ( re g ion b) where  the reac t ion 
rate is  de t e rmined by the d i f f u s ion o f  the e l e c t roac t ive spec ies  t o  the 
e l e c trode s urface  are charac t e r i s t ic o f  cycl ic vo l t amme try wave s .  As the 
p o t ent ial be come s mo re  nega t ive , the amount o f  sub s t ance  t rans p o r t e d  by 
diffus ion c anno t ke ep  up with the rate o f  reac t ion r e s ul t ing in the 
1 0  
Figure 1 - 4  A revers ib l e  and an irreve r s ib l e  
polarographic wave. 
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F igure 1 - 5  Vol t ammo gram o f  a reve r s ib le redox 
couple . 
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dep l e t ion o f  the conc entrat ion grad ient at  the e l e c trode  surfac e , region 
c .  At po int d where  the sweep  d i r e c t ion is  rever s e d , a large amount o f  
reduced produc t is  at  t h e  e l e c trode  sur f ac e . A s  t h e  p o t ent ial become s 
mor e  po s i t ive , this s ub s t ance b e g ins to  oxidiz e .  A r eve r s ib l e  e l e c tron 
trans f e r  produc e s  the s ame wave shape as the reduc t ion swe e p . An 
irreve r s ib l e  or uns tab le e l e c t ron trans f e r  d i s t o r t s  the wave shape and / or 
changes the measured currents .  The magnitudes  o f  the two peak currents 
provide inf o rma t ion a s  t o  the e l e c t rochemical s t ab ility  o f  the re duc t ion 
produc t . 
The correc t e d  peak current i s  measured by f ind ing the current at  the 
peak of the wave and sub trac t ing out the r e s idual current . All valu e s  of 
peak current s reported  for this proj e c t  we re  "corre c te d" .  The half p e ak 
po t ent ia l , Ep / 2 ' is  measured by f inding the p o t ential  a t  which the wave 
cro s s e s  half the peak current he ight . Each wave g ives  peak po t entials , 
Ep , c  and Ep , a ' peak current s ,  ip , c  and ip , a' and hal f  peak 
po t ential s , E 1 2 and E 1 2 • p , c  p , a  
0 The peak current a t  2 0  C in a d i f f us ion contr o l l e d  pro c e s s  is  
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whe r e  i is  t h e  p e ak current i n  microamp e re s , A i s  t h e  e l e c t ro chemical  p 
area o f  the e l e c t rode in cm2 , and v is the s can r a t e  in mV/ s e c . A 
l inear plot  o f  the peak current a s  a f unc t ion o f  the s quare root  o f  the 
s c an rate indicates  d i f fus ion contro l . 
Rever s ib i l ity is  f ir s t  e s tab l ished by the s e parat ion in peak 
po tentials  and the ratio  o f  the p e ak current s . A d i f f e r ence in peak 
p o t entials o f  5 6 / n  mV a t  2 0 . 0°c ind i c a t e s  rever s ib i l ity . P eak 
po tentials  displaced  by 5 5 / n  mV f rom the hal f  peak po t ent ials  ind i c a t e s  
reve r s ib ility . Final ly , if  the r a t i o s  o f  peak current s are one , the 
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e l e c tron trans f e r  is  cons idered  s tab le  and r eve r s ib l e . 
The r e  are reac t ions that are ne ither r eve r s ible or  t o t ally i r r evers­
ib le . The s e  reac t ions are terme d quas i-reve r s ible , Figure I-6. The s e  
sys tems usually have d iminished p e ak current he i gh t s  o n  one o f  the 
p e aks . The re is  a l s o  a s e parat ion in the peak po tentials  gre a t e r  than 
5 6 / n  mV . Such b ehavior is usual ly a t t r ibuted  to chemical reac t ions that 
proceed  or  f o l l ow the ac tual e l e c tron trans f e r . T o t a l ly irreve r s ib l e  
sys t ems cause  a n  ab sence o f  a rever s e  p e ak ,  Figure I-6, that is  
a t t r ibuted t o  irreve r s ib le chemical  reac t ions . 
Our pho sphoru s / sulfur homo geneous sys t ems we re me chanis t ic a l ly 
s imilar t o  sulfur p o isoned he terogeneous sys t ems . The re are  f our general 
mechanis t ic s t e p s  invo lved in he terogeneous catalys i s . The f ir s t of 
the s e  s t eps , adsorp t ion , is  the b ind ing o f  the reac tant to  the surface by 
valen�e f o r c e s  comparab l e  t o  tho s e  ob s e rved b e tween bound a t oms . [3 0 ] 
Ther e  are thr e e  general s t eps  in the me chanism o f  a homogeneous cat­
alys is . The f ir s t  s t ep , add it ion , involves the c o o r d ina t ion o f  a 
reac tant at  the ac t ive coordina t ion s it e . The adsorpt ion and addit ion 
s t eps  are analogous in the two mechanisms . �3 0 ] 
I t  is  b e l ieved tha t when a p o i s on is  in t r o duc e d  t o  a me tal  sur f ac e , 
it  b inds t o  the ac t ive s i t e s . [ 2 ] The reac tant can d i s p lace  the sulfur 
from the ac t ive  s i t e  in the ads o r p t ion s t ep . Th e l igand exchange s t ep  o f  
a homogeneous c omplex  with a sulfur dona t ing a t om pre s ent at  the exchange 
s i t e  is  anal ogous to the adsorpt ion s te p  of a p o i s oned he terogeneous 
sys t em .  Thus , und e r s t and ing the mechanis t ic s t e p  o f  add it ion in the 
ligand exchange o f  a homogeneous sys t em provide s ins ight int o  e s tab l ished 
poisoned ca talyt ic  sys t ems . 
The obj e c t ive  was t o  s ynthe s i z e  and analyz e the re dox proper t i e s  o f  
[ Ni ( S-P) 2 ] [ BF4 ] 2 , [ Co ( CH3CN) ( S-P) 2 ] [ BF4 ] 2 , and [Fe ( CH3 CN) 2 . 5 ( S- P ) 2 ] [ BF4 ] 2 . 
1 4  
Figure I-6 Vo l t ammo grams o f  a quas i­
revers ib l e  and an irreve r s ib l e  
redox couple . 
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A 
Quasi-revers i b[e 
E 
B 
I rrevers i bl e 
E 
The ab ility  o f  the S-P l igand t o  s t ab i l i z e  e ach me tal in var ious  
oxidat ion s t a t e s  was d e t e rmined by e l ectrochemical me thods . Each complex 
was given the oppor tunity  t o  react with tr iphenyl pho sphine and S-P 
l igand over a range o f  oxidat ion s t a t e s . The ele c t r o c hemical me tho d s  
we r e  u s e d  t o  d e t e c t  reac t ions wi th the s e  r e agen t s . The s e  r e s ults  we r e  
compar e d  t o  s imilar compounds t h a t  h a d  b e en s ubject e d  t o  t h e  same type o f  
s t udy . From t h e  r e s ul t s , t h e  po t ent ial  f o r  ca talyt ic b e hav ior o f  the 
nicke l ,  cobal t ,  and iron complexes  was as s e s s e d . 
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1. GENERAL 
SECTION I I  
EXPERIMENTAL 
S torage and handl ing o f  all  s o lvent s , reac t ions , and me tal  comp l exe s 
wer e  care fully ma intained under  an ine r t  atmo sphe re , nit rogen . A Vacuum 
Atmos phere Dr i-Lab glove box , model  HE 43 / 2 4 3 , with Dr i-Train , mod e l  HE 
4 9 3 , provided the nitrogen atmo s phere under  which a maj o r i ty o f  the 
exp e r iment s were  c onduc ted . Oxygen contamina t ion was t e s ted  each day 
with a 25 we ight percent  s o lut ion of d i e thyl z inc in to luene . Ab s enc e o f  
fume s fr om this mixture indicated  that l e s s  than f ive ppm o f  oxygen was 
pre s ent . Gas l ine t e chniqu e s  wer e  employed for  operat ions out s ide the 
glove box . The l ine s contained dry ing tub e s  f illed  with calc ium chloride 
( Fisher S c ient if ic  Co . )  to  remove  trac e s  o f  wa t e r  from the iner t  gas  
supply . The iner t  gase s ,  nitrogen and argon , wer e  supp l ied by Gano 
We lding in Char l e s t on ,  I l l ino i s . 
2 . PREPARATION AND PURI FICATION OF SOLVENTS 
A) Ace tonitrile  
Reagent grade acetonitrile  ( Eas tman) was used  in  the  synthe s is and 
recrys tallizat ion of the me tal  c omp l exe s .  However , e l e c trochemical 
measur ement s  r e quired the us e  o f  HPL C  grade ( Baker Chemical Co . )  
ac e t onitrile . Both grad e s  wer e  dried by r e f lux unde r  nitrogen ove r  40  
me sh CaH2 (Aldr ich) f o r  at  leas t 2 4  hours . The  s o lvent s we re d e gas s e d  
and pur i f ied by dis t i l l a t ion w i t h  a 3 0  c m  X 2 c m  glas s bead co lumn , 
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condens er , and c o l l e c t o r  that we re  maintained und e r  n i t rogen . A f o r e c u t  
o f  a l e a s t  5 0  mL was taken b e f o r e  t h e  hear t cu t wa s co l l e c t e d . At least  
1 00 mL rema ined  in  the  r e f lux f lask after  d i s t i l l a t ion . The HPLC grade 
ace toni t r i l e  was dried  and d i s t i l l e d  twic e  as  de scr ibed  above b e fore 
e l e c t rochemical  use . 
B )  Me thyl ene Chlor ide 
HPLC grade methylene chloride  ( Bake r Chemica l Co . )  was u s e d  in the 
preparat ion and pur i f icat ion of the me tal  complexe s .  Dry ing , d e gas s ing , 
and pur if icat ion were  accomp l ished with the s ame procedure as  that for  
ac e t onitr ile . 
C )  E thano l 
Ab s o lut e  e thano l ( U . S .  Indus t r ia l  Chemical Co . )  was used  as  
r e c e ived . 
D)  E thyl Ac e t a t e  
E thyl a c e t a t e  (Kodak) was d r i e d  b y  1 0  .me sh 4 � mo le cular s ieve s  
( Baker Chemical  Co . )  that were  a c t ivated by heat ing a t  1 1 0°C under 
vacuum for  a t  leas t 2 4  hour s . De gass ing o f  the s o lvent was achi eved by 
purging nitrogen through the s o l u t ion for  th i r t y minu t e s  via  a gla s s  f r i t  
bubb l e r . Onc e degas s e d  and trans f e r r e d  to  t h e  glove b ox , t h e  s o lvent was 
f iltered  through an ashle s s  f il t e r  (Wha tman 4 2 ) .  
E)  Butano l 
This s o lvent , f ound s t ored  in the glove box , was used  as a reac t ion 
s o lvent when ne eded . The procedure for dry ing is unknown . The s o lvent 
was degas s e d  for f ive to  ten minu t e s  with a g l a s s  f r i t  bubb ler  b e f ore use . 
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F)  L iquid Ammonia 
The s o lvent was d i s pens e d  from an upside down tank ( Gano Weld ing) of 
comp r e s s e d  ammonia . The l iquid ammonia was ma int a ined in a dry 
ice-ac e t one bath . 
3 . PREPARAT ION AND PURI F ICATION OF SOLID REAGENTS . 
A) S o l id reagen t s  for synthe s is o f  complexes . 
The me tal powde r s  o f  iron (Merck  & Co . Inc . ) ,  n icke l  ( F isher  
S c ient if ic C o . ) ,  and cob a l t  ( Alf a  Produc ts) we re  used as  r e c e ive d . The 
nitro s onium te traf luorob ora t e , [ NO ] [ BF4 ] ,  (Aldr ich Chemical Co . ) was 
washed thre e t ime s with ace tonitr ile , f i l t e r e d  through a med ium glass  
frit  f ilter , dried  under  vacuum overnight , and  stor e d  in the  dry  box . 
B )  S o lid reagent s for e l e c t rochemical measur ements . 
Electrochemical grade t e t rae thylammonium p e r chlor a t e , TEAP , ( Kodak) 
was recry s t a l l i z e d  three  t ime s from de ion i z e d  wa t e r . The 
electr o chemically pure produc t was isol a t e d  in a 7 2  p e r c ent yield . The 
cry s tals  were dried  unde r  vacuum at  6 5 °C for 48 hours and s t ored  ove r  
Dr ier ite  i n  a d es icator  that was kep t  unde r  house vacuum .  T e t rabutyl­
ammonium perchlorat e , TBAP , ( P f a l t z  and Bauer Chemicals) was r e cryst al­
li z ed  thre e t ime s f r om e thyl ac e t a t e . The ele c t rochemically pure produc t 
was isolated  in a 7 0  percent yield . The c rystals we r e  dried  under  vacuum 
at l 0 0°C f or at least 48 hour s . They were  also stored  in the s ame 
d e s icator as the TEAP . 
Ferrocene ( Eas tman) was r e c ryst all i z e d  twi c e  from abso lute e thano l . 
The or iginal yellow powder  was trans f o rme d into orange cry s t a ls a f t e r  
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recrys t a l l i z a t ion . The cry s tals  we r e  dried  under  vacuum at  room 
tempera ture f or  e i ght hour s . 
Tr iphenyl  pho sphine (Aldr ich Chemical  Co . )  was recry s tal l i z e d  from 
ab s o lute  e thano l unde r  normal atmo s pheric  cond i t ions . The whi t e  crys tals  
were  dried  for  2 4  hour s under  vacuum at  room t emperature . 
Reagent grade s ilver  n i t r a t e  ( F isher S c ient i f ic Co . )  was dried  at  
1 1 0°c in an oven prior  t o  use  in the r e f e rence e l e c trode s . 
4 .  INSTRUMENTAT ION AND SAMPLE PREPARATION 
A) Me l t ing P o in t s . 
All me l t ing p o int s we re  ob t a ined on a Thomas-Hoover Me l t ing Po int 
Apparatus with P e r i s c o p i c  Thermome t e r  Reader . 
B )  Infrared S p e c t r a . 
The KBr ( r eagent grade ) used  in making a p e l l e t  was s t ored  in an 
oven at 1 1 0°C .  The s amp l e  was pre s s e d  ( at leas t 6 000  p s i )  unde r  vacuum 
in a Specac 1 3  mm Die  wi th a Wabash pre s s . The d i s k  was placed in a 
mount provided in a KBr kit  o f  a Perkin-Elmer 3 3 7  Infrared 
Spetropho t ome t e r . 
Mulls  (mine ral o i l  was purchased  f rom O s c o  Drug)  wer e  prepared in 
the s tandard way . [ 3 1 ] Two 1 cm KBr p l a t e s  were  u s e d  to supp o r t  the mull  
in  th e  s amp l e  beam .  
Infrared s p e c t ra were  ob ta ined o n  a N i c o l e t  2 0DXB FTIR S p e c t ro­
pho t ome t e r . The source  i s  a mod e l  1 300  s e r i e s  hel ium-neon laser . The DX 
s o f tware provided the capab i l i t ie s  t o  acquire the o r i g inal data for  2 7  
scans with a r e s o lut ion o f  2 cm- 1 . This  s o f tware package also  made  
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the ne c e s sary Fourier  t rans form o f  the data to a s p e c t rum b e twe en 4000 
and 400  wavenumb e r s . The s pe c t rum and wavenumb e r s  we re  plot ted on a 
Hewl e t t  Packard 7 4 7 0A Graphi c s  P l o t t e r . 
C )  Elemental  Analy s i s . 
Each samp l e  was placed  under  vacuum in the bub b l e d  end of a 7 mm 
Pyrex tub e . The samp le tub e s  we re  shipped  to and ana ly z e d  by Ga lb r a i th 
Laboratories  in Knoxv i l l e , Tenness e .  S ingle ana ly s i s  r e s ul t s  are  
reported . 
D )  Charac t e r i s t i c s  and De s ign o f  E l e c trode s . 
a .  Working E l e c t rod e s  
Vol t amme t r i c  and po larographic me thods  required  the us e o f  two 
d i f f e rent working e l e c trode s . The dropp ing me rcury e l e c trode , DME , was 
used  fo r  po laro graphic  exp e r imen t s , and voltamme t r i c  me thods required the 
use of a p lanar p lat inum d i s k  e l e c trode . 
Two d e s igns o f  a t rad i t ional dropp ing me r cury e l e c trode  we r e  
cons truc t ed . The e l e c trode  o f  cho i c e  for polarographic  mea surements  is  
shown in F igure 1 1- 1 . The c ap i l lary wa s prov ided by S argent-We lch 
S c ient i f i c  C o  . •  The length , 1 4 . 1  cm , was chosen to give drop t ime s of 
three  to s ix s e c ond s under  exper imental column h e igh t s  and p o t en t ials . 
The me r cury c o l umn , 7 mm Pyrex glas s tub ing , wa s a t tached to  the 
c ap i l l ary with Tygon tub ing . The me r cury r e s e rvoir and the column we re  
c onnec t ed  with Tygon tub ing . The me rcury i t s e l f , tr iple  d i s t i l l e d , was 
from Bethl ehem Apparatus Co . .  I t  was p inho led  twice  b e f ore  use . The 
e l e c trode conta c t  in the me rcury r e s e rvoir wa s a plat inum wir e / mer cury/ 
copper wire / potent io s t a t  l e ad in t e r f ac e . 
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FIGURE I I - 1  Dropping mercury e l e c t rode. 
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The o ther d es ign e s s en t ially was the same as that shown in Figur e  
11- 1 except  that the e l e c t rode contac t was pr esent just above the 
cap i llary , and the me rcury supply was h igher  on the column . The contac t 
was made by plac ing a commerc ially manufactured  Te flon stop cock/ele c trode  
lead s e c t ion int o  the  c o lumn r ight above the cap illary . Unf o r t unat ely , 
reproduc ib le drop t ime s and curren t s  we re  not ob t a ined with this  d e s ign . 
Placement o f  the elec trode  contac t in the r ese rvo ir presented  a 
prob lem .  S trong rad io- f r e quency waves  from WE lU-FM ,  the univers i ty rad io 
s tat ion , caused  decreas e s  in drop t ime , incons is tent  p o t ent ials , and 
f luctuat ing current s .  C ons equent ly , all measureme n t s  we re done when no 
int er f er ence was p r e s ent . 
When no t in use , the cap i l lary was s tor e d  in air . When ne c e s sary , 
the cap i llary was cleaned with a d ilute  s o lut ion of n i t r i c  ac id and 
washeq with dry s o lvent from the glove box . 
To  ob tain the proper mercury p r e s sure at  an applied me rcury he ight 
the c o lumn mus t  be  in a vert ical pos i t ion . [ 26) Each t ime the elec t rode 
was plac ed  in the c e l l , the al ignment  o f  the ele c t rode  was e s t ablished  by 
inspec t ion . 
The l lkovi c  e quat ion , e quat ion 1 1- 1 , d i r e c tly rela t e s  the values o f  
m ,  mas s  f l ow rate , and t ,  d r o p  t ime , to  t h e  d i f f usion current . 
. lOB D l/2 C 2/3 1 /6 11= n m t I I - 1 
S "f" 11 h d 213 1 16 . . 1 h pec1 1ca y ,  t e pro uc t m t 1s propor t1ona to  t e current . 
Evalua t ion o f  o ther parame t e r s  pre s ent in the llkov ic e quat ion f r om an 




. The value s of m and t we re  charac t e r i s t i c  of  the 
length o f  the cap i l lary and were  d e t e rmined emp ir ically . Both  we re  
dependent on t he  p o t ent ial at  wh ich the  current was ob s e rved . Thus , the 
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value o f  m2 / 3 t 1
1 6  
and t h e  d i f fus ion current we r e  b o th dep endent on 
the p o t ential . 
2 / 3  1 / 6 A convenient way t o  show the  dependenc e o f  m t 
on the app l ied  p o t ent ial was with an e l e c t rocap i l l ary curve . The 
cap i llary c ons t ant mt (m  is  in mg/ s e c  and t is in sec) was exp e r imentally 
2 / 3  1 / 6 determine d for  conve r s ion t o  m t . Th is const ant , mt , was a 
func t ion o f  p o t ential  and s o lvent , but  not of me r cury p r e s sure ( c o lumn 
heigh t ) . [ 2 6 ] As exp e c t e d , value s ob t a ine d a t  d i f fer ent he igh t s  for this  
sys t em proved t o  b e  cons t ant within exp e r imental  unc e r t a inty , Tab l e  
1 1- 1 . Thus , t h e  cap i l lary c ons t ant a t  a constant me rcury p r e s sure  was 
det ermined f or ace t oni t r i l e  at s e l e c t e d  potent ials . 
Data for  the d e t e rminat ion of mt was ob t a ined  in the f o l l owing way . 
Firs t , the sys t em was prepared as  for  an ac tual polarographic 
measurement . The e l e c troac t ive spec i e s  used for both s o lvents was 
me thylcyanideb i s ( l - thioe thyl- 2 - ( d ipheny lpho sphino ) e thane ) cobal t ( l l )  
t e traf luoroborat e . Af t e r  sys t em s e t  up , the por t us e d  f o r  the ine r t  gas 
was removed  and rep la ced  with a homemade "me r cury drop c o l l e c t or " . 
Thirty drop s were c o l l e c t e d , t ime d , and r emove d  f rom the sys t em .  The 
mas s  and drop t ime for  e ach t r ial were  r e c o r d e d  and t abula t e d  in the same 
manner as in Tab l e  1 1- 1 . 
The mean values  o f  m and t we re  d e t e rmined a t  each  p o t ent ial . The s e  
1 d d · 2 1 3 l / 6 The me an value s o f  m2 1 3 t 1 1 6  we r e  v a  ue s were  us e  t o  e t e rmine m t . 
then p l o t t e d  as  a func t ion o f  p o t en t i a l  in a c e t o n i t r i l e , F i gure 1 1 - 2 . 
The po tential whe r e  mt i s  maximum is  the max imum area  of  the me rcury 
drop def ine d by 
A=4 1T ( 3mt / 4  1T d ) 2 / 3  Hg I I - 2  
where A is  t h e  a r e a  o f  the drop in 2 cm , m is  the mas s  f l ow rate  in 
2 4  
T ab l e  I I - 1  C a pi l l ary c o n s t a n t s  d e t e rmine d  a t  two 
me r c ury c o l umn height s for a n  
a c e tonit ril e  s o l ution o f  f e r r o c e n e  at 
+ 0 . 2 0 0  V ve r s u s  a Ag/ O . lO OM Ag 
r e f e r e nc e . 
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HE I GHT ( cm )  m (mg/sec) t (sec) mt (mg) 
4 1 . 3 + 0 . 1 1 .  7 1  + 0 . 0 1 3. 6 9  + 0.0 1  6.3 1 + 0.0 9 - - - -
1 .  7 1  3. 68 6.2 9 
1 .  7 0  3. 6 9  6.27 
5 6 . 5  + 0 . 1 1 .  9 9  + 0 . 0 1 3. 1 7  + 0.0 1  6.3 1 + 0 .0 9 - - - -
1 .  9 9  3. 1 5 6.27 
1 .  9 9  3 . 1 5 6.27 
Va lue s we r e  o b t a i n e d  f o r  25 mercury drops. 
A l l  unc e r t aintie s we r e  e v a l u a t e d  u s i ng rules o f normal error 
propagation . 
F igure I l - 2  Electrocap i l lary curve i n  
aceton i t r i l e  a t  a heigh t  o f  5 5 . 9  
+ 0 . 1 cm . 
2 6  
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mg/ s e c , t is the drop time in s e c , and dHg is the density o f  me rcury in 
mg/ cm 3 At -0 . 7  V and 20 . 0
°C the area o f  drop was 0 . 0330 + . a me rcury 
0 . 0004 
2 The point o f  z ero charge on the me rcury drop corres ponded cm . 
to  the maximum in the elec trocapillary curve , Figure  II- 2 . Th i s  appeared 
at  -0 . 7  V versus  a Ag/Ag+ elec trode , Figure  II- 7 . 
The planar platinum disk ele c trode , Figure II-3 , was purcha s e d  from 
IBM Ins truments  Inc . .  The ele c trode was used  as  r e c e ived  and s t ored in 
air . 
Oxidat ion o f  the surface  was a problem when the ele c trode was no t 
used  regularly . B e f ore any measurement a p o t ential was applied at  1 . 5 0 V 
unt i l  the background current for  the removal o f  oxide s  was ab s ent . [ 32 ]  
The elec trochemical area o f  the disk was 0 . 200  + 0 . 005 cm2 . Th is  
value was ob tained by applying a pot ential s t e p  t o  a 1 mM s olution o f  
potass ium ferricyanide in 0 . 1 M potas sium chlorid e in dis tilled wat e r . 
The C o t t r e l l  e qua tion predic ted  a linear relationship be twe en the current 
- 1 / 2  and ( t ime ) for  p o t ential s t eps  under  dif fusion c ontrol conditions 
. FAD 1 / 2C /  1 / 2 1 / 2  i=n TI t II-3 
where  i is  the current at any time t in ampe r e s , n is  the mole s of 
ele c t rons , F is  the faraday cons tant , A is the ele c trochemical area in 
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cm , C is the concentra tion in mole s /  lit er , and t is the time in 
seconds . [ 2 5 ] Our s y s t em was under dif fusion f o r  as  long as twenty 
s e c onds a f t e r  the po t ent ial s t ep . 
b .  Re f erenc e Ele c t rode 
The refer ence ele c t rode was made f ollowing a de sign used by Sherman 
and Olsen . [ 3 3 ]  Porous vyc o r  was a t t ached t o  a Pyrex tube with shrinkable 
2 7 
FIGURE I I -3 
2 8  
Diagram o f  a pla tinum disk 
ele c trode  and an auxiliary 
platinum wir e  ele c t r od e . 
PU.TINUH WORKING DISK Li;LE:CTH.ODG; 
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Teflon . The vycor was s oaked in a 0 . 1 M TEAP ac e t on i t r ile s olut ion in 
the glove box for two days . The s ilver nitrate  was co oled under vacuum ,  
we ighed , and trans ferred t o  the glove box . A 0 . 1 0 0  M s ilver nitrate  
s olut ion was prepared in  ace t oni t r ile . This  s olut ion , the  s ilver wire , 
and s e rum cap were put into place as shown in Figure I I - 4 . The elec trode 
was s tored in 0 . 1 M TEAP s olut ion on the b enchtop . The s ilver nitrate  
s olut ion was changed per iodically followed by a p o t ent ial che ck with 
ferroc ene . 
A 0 . 1 00 M s ilver nitrate  and 0 . 1 00 M TEAP s olut ion were t e s ted in a 
reference ele c t rode o f  the s ame d e s i gn .  However , this ele c t rode s olut ion 
produc ed a higher liquid j unc t ion p o t e n t ial at the vyc or  than j us t  a 
0 . 1 00 M s ilver  nitrate  s olu t ion . 
c .  Auxiliary Ele c t rode  
The aux iliary elec trode , F igure I I - 3 , cons i s t e d  o f  a c o ile d pla t inum 
wire . The plat inum was in contac t with a mercury / copper wir e /  
potent io s tat  lead int er fac e . The top  o f  the Pyrex gla s s  was f i t ted with 
a s erum cap . 
E )  Polaro graphy and Voltamme try Sys tem and Cell D e s ign .  
Each part o f  the sys t em ,  F igure I I - 5 , was des igned t o  addr e s s  
problems o f  s olvent toxic ity , c ell v ibrat ions , oxygen reduc t ion , chang ing 
s olut ion concentrat ions , and t emperature fluc tuat ions p r e s ent in the 
ele c tro chemical cell .  
S ince a c e t on i t r ile i s  toxic and volat ile a t  exp e r imental t emper­
ature s , the c ell was placed in a fume hood . S evere  problems with cell 
vibrat ions o r i g inated  from the hoo d  and building . V ibrat ions induce  
convect ion ( s t irr ing) which is  an  addi t ional means o f  mas s  transpor t .  
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FIGURE I I -4 
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Diagram of the reference 
electrode. 
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Figure I I -5 con ' t  
A) Ine r t  gas supply 
B )  Gas re gulator  
C )  Drying tub e  
D )  Pres aturator 
E )  Forma tempera ture bath 
F )  Water  line s to  cell 
G) Tygon tubing 
H) Pyrex gas lines 
I )  Te flon s pindle s t opcocks 
J )  Ele c t rochemical cell 
K) Dropping mercury ele c trode 
L)  Wood s upp o r t  for  gas line s 
M) wood  suppo r t  f o r  dropping mercury ele c trode 
N)  Tire inner tube 
0) Sla t e  Slab s 
P )  Lead Bricks 
Q)  P o t entio s t a t / Galvano s tat  leads 
R) EG & G Model 1 7 3 P o t entio s t a t / Galvano s tat  
S )  EG  & G Mod el 1 7 5  Universal Programmer 
T) Varian x-y recorder  
U)  Fume hood 
Dif fusion was e s tablished by placing the c e l l , and any thing conne c t e d  to  
it , on two 24  by  24  by 2 inch slab s of  s la t e  tha t were p o s i t ioned atop  a 
tire inner tube . An additional 1 5 0  pounds o f  l e ad b r i cks we re  po s i t ioned 
on top of the sla t e s  to  damp r emaining vibrations . S ome vibrat ions we re  
obs erved in the s olutions when the gas line s we re  in contac t wi th the  
t empera ture b a th . This problem was s o lved by suspend ing the l ines  ab ove 
the t emperature bath allowing only the bubb ler  to  be in contac t with the 
bath . 
Oxygen wa s reduced in the p o t ential window o f  this sys t em .  To  
reduce the numb er and po sition o f  waves  in the current p o t ential curve s ,  
oxygen was removed from the cell .  This was accomp l ished by purg ing the 
solution with either argon or  nit ro gen gas . The a tmo s phere above the 
s olution was also oxygen free . Two T e f lon s p ind le  s topco cks we re used t o  
split . the line . This de sign allowed g a s  t o  b e  pas s e d  either through the 
s olution or  over it . The gas lines were  7 mm o . d .  Pyrex tub ing and 
extended from the p res aturat o r  to the cell .  L ine s f r om the gas supply 
regulator  t o  the pre s a turator  were  made of Tygon tub ing . 
Purging gas through the s olution caused  a l o s s  o f  s olvent that 
produced  change s  in analy t e  conc entrations . Th is  was exper imentally 
ob s e rved by p e ak curren t s  for a g iven analy t e . S a turat ion o f  the ine rt  
ga s  with th e  s olvent b e f ore int roduc tion to  the  c e ll e l imina t e d  this  
concern . To  produce s olvent vapor in the  gas  s t r e am ,  the  gas  was  passed  
through a fine gla s s  frit  bubbler that  was f i lled  with  s olvent 
( presaturator ) . 
Bo th the p o t ential and current we re a func t ion o f  t emperature . 
Temperature changes  o f  one or  two degr e e s  during an experiment  would 
result in a noticeab le fluc tuat ion in bo th the current and 
po t ential . [ 2 6] Comparison of curren t s  and p o t ent ials of similar and 
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dif f erent analy t e s  would b e  invalid under  the s e  cond it ions . Thus , the 
cell was thermo s tated  with a j acke t . This  j acke t a l lowe d wa t e r  from a 
cons tant temperature bath ( Forma S c ient i f i c )  to  come in phys ical  contact  
with  the  out s ide wall o f  the  Pyrex port ion of the c ell . The rmal 
equilibrium was allowed to be e s tablished b etwe en the wa t e r , c e l l  wall , 
and cell s olution . This o c curred usually within ninety minut e s . Room 
tempera ture was ma intained as clo s e  as p o s sible to  2 0°c to induc e f a s t  
equ ilib r ium cond it ions and reduce the rmal gain through t h e  ele c trode s .  
I t  should b e  no ted that t emperature fluc tuat ions o f  + 0 . 2° C or l e s s  did 
occur in s ome experiment s .  The p r e s a turator was also imme r s e d  in the 
temperature bath providing a thermo s tated  ine r t  gas f lowing into the 
c ell . 
The cell ,  shown in F igure I I - 6 , was comme rcial in de sign ( IBM 
Ins trument s ) . I t  consis ted o f  a 1 0 0  mL Pyrex b o t t om that was at tached to  
a Te flon cap . The c ap c onsis ted  o f  five ports that we re each f i t t e d  with 
Tef lon sleeve s .  Each port  contained e i ther an e l e c t rode or  a gas line . 
The phy s ical ge ome try o f  the ele c trodes  and gas line s was c r i t i c al in 
ob t a ining accurate measurement s of the currents  and p o t ent ials ( s e e  s ide  
view in Figure I I - 6 ) . 
S ilve r  ion exchange in the vycor  o f  the r e f erence  ele c trode , Figure 
II-4 , provided the oppor tunity for  reac t ion with the analy t e , and current 
peaks in the current p ot ent ial curve s . S ince  the r e f e renc e ele c trode was 
not in dire c t  contact  with the cell s olut ion i t  was called a ps eudo­
ref erenc e . The elec trode was i s olated  by a Pyrex glas s tube with a f ine 
gla s s  f r i t  at one end . The o ther end of the tub e  was fit ted  with a 1 4 / 2 3 
ground gla s s  j o int . 
The applied p otential (measured p o t ential acro s s  the working and 
ref erence elec trode s )  was a func tion of the r e s i s tanc e of the c e l l  
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Figure I I-6 
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Diagram o f  ele c t rochemical 
c ell .  
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s olution . When the cell re sis t ance was small , or  corr e c t ed for , the 
applied po tential would repres ent the actual p o t ential at  which the redox 
couple s o ccur . Thus an accura t e  measure of pot ential r e quired  the c e l l  
resis tance t o  b e  very small . The re sis tance  o f  t h e  s olution was a 
func tion o f  the dis tance b e twe en the two electrode s . A dis tance of  zero  
would b e  ideal . However ,  the  ele c trode s mus t  b e  far enough apart  so  tha t 
the dif fusion layer  can b e  ob tained near the working ele c trode . The 
position or  dis t ance b e tween the s e  two ele c trode s was made as  small as 
pos sible to  achieve small re sis tanc e s . ( 2 5 )  
The applied p ot ential acro s s  the r e f erence and working ele c trodes  
was  als o a func tion o f  the amount o f  current that  p a s s e d . Large  current s 
that were  drawn by a r e f erence elec trode through a high r e sis tance 
s olution would produce p o tential dro p s  acro s s  the c ell .  An additional 
ele c trode that drew curren t s  away from the referenc e would reduce or  
pos sibly eliminat e  errors  caus ed  by  p o t ential drops . Po sitioned 
properly , this added  third ele c trode ( auxiliary) , p a s s e d  current b e twe en 
its elf and the working elec trode  e f f e c tively reducing p o tential drop 
a s s o ciat e d  with the " r e sis t ance o f  the s olution" . ( 2 5 ) 
The p o sition o f  the gas lines was critical . The line employed to  
pur ge the  s olution was made with a fine gla s s  f rit . The  f rit was placed 
as  low as p o s sible in the s o lution t o  ensure thorough dispersion through­
out . The ideal placement  o f  the frit was direc tly underneath the working 
ele c trode . By simply purging the cell the old dif fusion layer  was 
dispersed  throughout the bulk o f  the s olution . The line used  t o  maintain 
an iner t  atmo sphere on top o f  the s olution was de signed and po sitioned in 
such a way as no t to cau s e  s tirring (wave s )  when gas was introduced to  
the  cell . 
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F )  Ele c trochemical S y s t em and S ample Run Prepara t ion . 
The c e l l  s o lutions f or ele c trochemical analy s i s were usually 
prepared from s tock s olutions made in advanc e .  The s t ock  solut ions we re 
prepared one to  three days b e f ore  use . An exc e p t ion was made in the case  
o f  the  S-P c obalt complex in that  the  s ample or c ell s olut ion was  made  
j us t  prior t o  e l e c t rochemical analysis . Each stock solut ion cons i s t e d  o f  
approximat ely a 5 mM conc entration o f  the ele c troac t ive s p e c i e s  and the 
elec trochemically pure s olvent . 
Sys t em preparation b e gan by allowing the tempera ture b a th and 
0 pre s a turat o r  t o  equilibrate  t o  the proper t emp erature ( 1 9 . 8� . l C ; cell 
0 t emperature 2 0 . 0� . l C ) . This usually t o ok f our to  six hour s . 
C e l l  a s s embly b e gan by removing the b o t tom por tion (Pyrex) o f  the 
elec trochemical c e ll from a drying oven ( 1 1 0°C )  and placing it in a 
vacuu� desiccator  to  cool . During this time the elec trodes  and gas line s 
o f  the c e l l  wer e  rinsed  with a c e tonitrile . The s olvent was allowe d to 
evaporate for  a t  lea s t  twenty minu t e s , or  was blown dry with a air j e t .  
The iner t  gas line s we re purged f or ten minu t e s  prior  to  a s s embly of  the 
two par t s  of the c e ll .  The c e ll was continually purged with the inert 
gas from this point until comple tion o f  the exper iment .  
The wat e r  j acke t was fit t e d  to  the Pyrex p o r t ion o f  the cell and the 
pump s on the t empera ture bath we re act ivat ed . Dur ing t emp e rature 
equilibrium ( 60 minu t e s ) , the cell s olutions we re  prepared in the glove 
box . Each s o lution was made  in a 2 5 . 00 mL volume t r i c  flask . The s e  
flasks had been dried in a oven ( 1 1 0°C )  and cooled i n  a vacuum 
desiccator . The appropria t e  mas s  o f  suppor ting ele c trolyt e  was placed  in 
a vo lume t ric f lask and trans f e rred f rom the bench top to the glove box . 
The ele c t oac tive sp ecies was pip e t e d  ( 5 . 00 mL )  from the s t ock  s olution 
int o  the cell s olution . 
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The is o lation compartment for  the r e f e r ence e l e c t rode remained 
s oaking in s o lvent until ten minut e s  b e fore  so lution introduc tion to the 
cell . The compar tment was taken out of the s o lvent , dried with an air 
j e t ,  and then placed in its  r e s p e c tive  port  in the c e l l . The ref erenc e 
el ec trode was soaked for  five minut e s  in a s o lvent / suppor ting e l e c trolyte  
solution , rinsed  with s o lvent , dried with a Kim-Wip e ,  and placed  in the 
isolation compartment . 
The c e l l  s o lutions were introduced into  the c e l l  either through the 
ref erence or  working e l e c trode por t s . The s o lutions were trans f erred 
from the glove box either with a syringe or  by vo lume tric f lask . The 
s o lut ion was purged with the iner t  gas for fif t e en minu t e s  and allowed to 
come to equilibration with the t empera ture bath for thir ty minu t e s . 
During this time the s o lu tion was a l l owed to  dif fuse  int o  the 
ref erence e l e c trode compar tment . Onc e the s o lution was in contact  with 
the Vycor  of the r ef erence e l e c trode a p o t ent ial  was app lied from the 
potentio s tat . At this point , the coulome t e r  was r e s e t  to zero . 
A large enough r e sis tance remained in the s o lu tion s o  that 
add i tional measure s we re taken to make c o r r e c tions . This was done by a 
procedure recommended by  the Princ e t on App lied Re s e arch manuals for the 
pot entio s tat  that was being used . The fe edback pot entia l s  for  pla tinum 
and DME e l e c trodes  we re approxima t e ly 4 and 12 mV r e s p e c tive ly . 
Before  a measurement was made , the s o lution movement in the 
ref erence e l e c t rode compar tment and purge gas line f rit was allowed to 
b e c ome s ta tic . I t  was found that movement in either  during a measurement 
caused  s t irring and l o s s  o f  dif fusion contro l . Als o , a s light positive 
pres sure in the purge line f rit r e l e a s e d  a bubb l e  o f  gas at  random 
time s . This a l s o  c aused  s tirring . 
In p o larographic me asurements  the mercury c o lumn height was a l l owed 
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to  " s e t tle " for  at leas t thir ty minut e s  b e twe en each height change . The 
drop time s were taken with a Heuer s top wa tch . 
The current p o t ential curves  we re  me asured using Princ e t on Applied 
Re s earch model 1 7 5 universal programme r , model 1 7 9  digital coulome ter , 
and model 1 7 3  p ot entio s t a t /  galvanos tat . The curv e s  were rec orded on a 
Varian model F-80 x-y recorder . 
Onc e the current p o t ential curv e s  wer e  recorde d , all current s and 
pot entials we re  measured from the chart pape r  by a ruler calibrated to + 
0 . 5  mm .  The s e  leng ths wer e  conv e r t e d  t o  the app ropria t e  values  b y  u s e  o f  
the recorder s ensitivity . All the expe rimental data from the current 
pot ential curv e s  reported  in the table s and t ext we r e  arrived at  in this 
way . The unc e r t aintie s r e fle c t e d  the pre cision t o  which the s e  measure­
ment s  were made and converted , or  were the pre cision o f  the ins t ru­
mentation and me thod employed . 
5 .  BACKGROUND CURRENT POTENTIAL CURVE S .  
The backgrounds o f  the ele c t rochemical s olutions in the ab s ence of  
the ele c troac tive s p e cie s were de termined b o th polarographically and 
voltamme trically , Figure s 1 1-7 (A) and ( B )  r e s p e c tively . Te trae thyl­
ammonium perchlorat e was cho sen as  the s uppor ting ele c t rolyt e  due to  it s 
s olubility . 
The ab s enc e o f  waves  on mercury , Figure II-7 (A) , indicated the 
ele c t rochemical purity o f  the suppor ting ele c troly t e  and ace t onitrile . 
Only re sidual current was p r e s ent  in the p o t ential window . This current 
was corre c t e d  for as d e s c rib ed  in the introduc tion s e c tion . The 
dis charge current s at  -3 . 1 6 and 0 . 3 0 V wer e  due t o  the reduc tion o f  the 
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Figure 1 1 - 7  (A) Polarographic background current 
potential curve. 
( B )  Voltammetric background current 
potential curve. 
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t e traethylammonium ion and the oxidation of the mercury electrode, 
respec tively . [ 2 6 ] 
The background on platinum , Figure I I - 7 ( B ) , produced one microampere 
o f  current . This current was due to  traces of water present in the 
sys t em . [ 3 2 ]  Attemp t s  a t  reducing this current fai led. A l l  complex runs 
were  made under  the same conditions as  those applied to the background. 
The magnitude o f  the currents  assigned to the electroactive species, 
3 0- 1 00 microampere s , was large enough to  give an acceptable precision, 1 
t o  5 percent , in the measurement o f  the faradic current. The discharge 
currents  a t  -2 . 20 and 1 . 50 V wer e  characteristic of the reduction of the 
t e t rae thylammonium ion and the oxidation o f  the perchlorate anion, 
respec tively . [ 2 9 , 3 4 ]  Ab s ence o f  a reduction wave for silver ions ensured 
that the r e f erence elec trode was truly acting as a pseudo-reference 
elec trode . 
6 . FERROCENE CURRENT POTENTIAL CURVES AND DATA ANALY S I S . 
The oxidation o f  f erro cene , equation I I -4 , is considered to be a 
dif fusion controlled reversible re dox system in acetonitrile. [ 35 ] 
I I - 4  
Mos t  reduc tion and oxidation p o t entials are reported versus a common 
re f erence ele c trode ( e . g .  saturated  calomel electrode [ S CE ] ) .  The 
experimental p o t entials reported  here were  all  taken versus  the silv e r /  
s ilver ion e l e c t rode unle s s  o ther wis e  s tated . To compare t h e  pot ential 
data for  the c obalt , nickel , and iron complexe s with values obtained in 
o ther s y s t ems , the expe rimental data  is converted to potentials relative 
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t o  a common r ef erenc e , SCE . The p o t ential  at  which f e rrocene undergo e s  
oxidat ion i n  ace tonitri l e  v e r s u s  t h e  SCE  i s  document e d , +0 . 3 0 7  V . [ 2 5 ]  
The oxidat ion p o tential of  f e rro cene versus  the silve r / silver ion 
ref erence provided information needed to conv e r t  experimental p o t entials  
t o  po tentials  versus  the  SCE . It  is left  to  the  r e ader  t o  convert  any 
potentials  that are of int ere s t  with 
E (vs . SCE)  E ( Expe riment a l )  + 0 . 2 8 V II-5 
where  E is  the p o t ential in vol t s . 
Ferroc ene was the obvious cho ice  to  use  as an "internal s t andard" 
type comp lex . However , ferrocene was never add ed t o  a s o lution in 
addit ion to the S-P comp lexe s .  Data  ob tained with f e rrocene was used  t o  
t e s t  t h e  sys t em design , Figur e 1 1-5 . The s e  values mus t  r e f l e c t  tho s e  o f  
a dif fus ion controlled  revers ib l e  sys t em .  
A) P o larography o f  ferrocene . 
The current po t ential  curve of  f e rrocene on me rcury produced only 
one oxida t ion wave in the p o t ent ial window , Figure  l l -8 ( A) . The limiting 
current s ,  half wave po t ent ial s , and drop time s we r e  ob t a ined from waves  
generated  at  various me rcury c o lumn heigh t s , Tab l e  1 1 -2 (A) . The 
convers ion of the t o t a l  me rcury heigh t to the corr e c t e d he ight was 
1 / 3  h =h -h ( d  / d  ) -2 . 8 / (mt ) corr t o t a l  s o ln s o ln hg max II-6 
where h 1 is  the t o t a l  me rcury he ight in cm , dhg is the dens ity o f  t o t  a 
mercury in g/mL ,  d 1 is the dens ity o f  the s o lution in g/mL ,  h s o  n s o ln 
is  the dep th o f  the cap i l lary in the s o l u t ion in cm , and m and t were 
def ined above . [ 2 5 ]  The produc t ,  mt , varied depending on the p o t ential at  
which the  redox reac tion take s plac e . The calcula t e d  corre c t ed he ights  
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Figure 1 1-8 (A) Polarographic oxida tion wave o f  
f errocene in O . lM TEAP in 
acet onit rile . 
( B )  Dif fusion cont rol  plo t , i1 vs . 
( h  ) l / Z  for  f errocene . corr  ' 
( C )  Current control plo t f o r  
f errocene . 
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T ab l e  I I - 2  P o l a r o g r aph i c  d a t a  f o r  the 
ox i d a t i o n  of f e r ro c e n e  i n  O . l M 
TEAP i n  a c e ton i tr i l e . 
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Run htot al ( cm )  
1 7 5 . 1 6 + 0 . 0 7 
2 6 3 . 2 8  
3 5 7 . 5 8 
4 5 3 . 4 9 
5 4 3 . 6 3 
- - - - -
Run h co r r ( cm ) 
1 7 3 . 6  + 0 . 1  
2 6 1 . 7 
3 5 6 . 0  
4 5 1 . 9  
5 4 2 . 0  
- - - - -
Run v Thome s 
C mV ) 
1 5 4  + 5 
2 5 4 
3 5 4 
4 5 4  
5 5 4 
- - - - -
A 
tmax ( s e c
) 
8 . 0 7 + 0 . 0 6 2 . 9  + 0 . 1  -
7 . 3 9 3 . 4  
7 . 0 7 3 . 7  
6 . 8 3 4 . 0  
6 . 1 4 5 . 0  
- - - - -
- - - B 
l n  h [ h  ] 1 / 2  c o rfcm ) l / 2  c o r r  
8 . 5 7 7  + 0 . 0 0 8  4 . 2 9 8  
7 . 8 5 4  4 . 1 2 2  
7 . 4 8 2  + 0 . 0 0 9  4 . 0 2 5  -
7 . 2 0 4 3 . 9 4 9  
6 . 4 8  + 0 . 0 1 3 . 7 3 9  
- - - - -
- - - c - - -
S l o pe ( E  v s . l o g  p l o t ) 
C mV ) 
5 8  + 5 
5 7  
5 7 
5 7  
5 5  
D 
+ 0 . 0 0 1  
Run Cone . 
( mmo l e ) 
m 2 / 3 t l / 6 
( mg 2 / 3 s ec - 1 / 2 ) 
C u r rent 
C o n s t ant " ) 
(/'A - s ec 1 '""' 
mg /mmo l e  





- - - - -
2 . 0 2 + -
1 . 8 5  
1 .  7 7  
1 .  7 0  + 
1 . 5 3 
0 . 0 4 
0 . 0 :3 
- - - - -
4 . 1 + 0 . 1  
4 . 1 
4 . 1 
4 . 1 
4 . 1 
E 1 1 2 { w av e } ( mV ) 
2 5  + 5 mV 
2 4  
2 3  
2 2  
2 0  
l n i l 
2 . 0 8 8  + 0 . 0 0 2  -
2 . 0 0 0  
1 . 9 5 6  + 0 . 0 0 3  
1 . 9 2 1  
1 . 8 1 5  
- - - - -
E 1 1 2 { p l ot } ( mV ) ( mV ) 
2 7  + 5 
2 3  
2 2  
2 1  
2 0  
D i f f u s i on 
C o e f f i c i e nt 
( cm2 / s e c ) 
2 . 5.±o . 2x 1 0 : ; 
2 . 4.±0 . 2X 1 0  � 
2 . 4 + 0 . 2 X 1 0 - �  
2 . 3±0 . 2 X 1 0 = � 
2 .  4±0 . 2 X 1 0  . 
for ferrocene are in Table I I -2 ( B ) . 
The initial t e s t  was for  dif fusion contro l . A linear r e l a t ionship 
in a plo t o f  i1 versus (h )
1 1 2 indicated  that the current was corr 
governed by dif fusion , adsorp tion , or  kine tic contro l . Only evaluation 
of the slope in a p l o t  of ln i1 versus  ln h ( c urrent control  corr  
plo t )  indicated  which was the current  control ling proc e s s . A s lope  of  1 ,  
0 . 5 ,  and z ero indic a t e s  adsorp tion , dif f usion , and kine tic contro l ,  
respec tively . [ 2 6 ]  From the data  in Tab l e  1 1 -2 ( B ) a p l o t  o f  i1 versus 
(h  ) 1 / 2 , Figure II-8 ( B ) , produced linear behavior . From Tab l e  corr 
II-2 ( B ) , the current cont rol plo t , Figure I I-8 ( C ) , was ob t ained and 
a f t e r  fitting the data by the me thod of leas t s quar e s  yielded a s lope  of  
0 . 4 9 + 0 . 0 1 .  
The reversibility o f  the oxidation wave wa s t e s t e d  in two ways . 
Firs t ,  the p o t entials  at  one-fourth and thre e-f our ths o f  the wave we re  
ob tained . For a rever sible redox reac tion the  ab s o l u t e  dif f erence in 
the s e  p o t entials is 5 5 / n  mV . This is called the Thome"'f me thod . The 
Thome-r reversibility value was f ound for the wave at each height , Tab l e  
II-2 ( C ) . The me an value was repor ted , 5 4  ± 5 mV . A more ac curat e  
d e t e rmination o f  reversibility is t o  evalua t e  t h e  s lope  o f  
E = E l / Z + . 0 5 8  V Log (i/i1-i) II-7 
where E is the set o f  p o t ential values measured along the wave in vo l t s , 
E 1 1 2  is the half wave po t ential in vo l t s ,  i is the current value s 
measured along the wave in microampere s , and i1 is the limiting current 
in microamp e r e s . Various value s  of  the p o t ential and current along the 
wave provide data for the p o t ential versus log i/ ( i1-i) plo t . Typic al 
data ob t ained f rom a ferrocene wave are in Figure I I -9 (A) . A plo t o f  
the s e  data , Figure II-9 ( B ) , produc ed a s lope , 5 8  + 5 mV , and an 
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F igure 1 1-9 (A)  P o t ent ial and current values  
d e t e rmined along the  polaro graphic 
wave ob tained a t  a me rcury c olumn 
he ight o f  7 5 . 1 6 + 0 . 0 7 cm . 
( B )  Revers ib ility plo t , P o t ent ial 
v s . Log ( i / i 1-i) , for  
f e rrocene . 
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A 
i ( M A l  I 
O . B 6 ± 0 . 0 6 
1 .  2 7  
l .  7 6  
2 . 4 4 
3 . 2 3 
4 . 0 7 
4 . 6 9  
5 . 6 4 
6 . 2 6 
6 . 7 3 
7 . 0 9 
B 
l og c i t i 1  =-U 
- 0 . 9 1 2  ± 0 . 0 0 6  
- 0 . 7 2 9  
- 0 . 5 4 6  
- 0 . 3 6 3  
- 0 . 1 7 6 
0 . 0 0 6  
0 .  1 6 7  
0 . 3 6 6  
0 . 5 3 9  
0 . 7 0 1  
0 . 6 5 9  
- , 949 .__ ____ ____ _ ...__ _ ...__  ____. 
-1 . 000 -0 . 6 20  -0 . 240 0 . 140 0 . 5 20  0 . 9 00 
Log( i / i d- i )  
int ercep t ,  0 . 03 + 0 . 0 1 V .  Th is  was done f o r  each he ight ( S ee  Table  
II-2 ( C ) ) .  The  mean value s for  the  s lope , 5 7  + 5 mV , and the  int ercept , 
2 3  + 5 mV , for  the f ive d i f f e rent he igh t s  we re repor t e d . 
Onc e d i f fus ion and revers ib il i ty have b e en e s tab l ished , the current 
cons tant and the dif fus ion coe f f ic ient we re calculat ed . 
cons tant is  def ined in equat ion I I-8 . 
. 2 / 3  1 / 6  1 / 2  11 / Cm t =Current cons tant= 7 08nD 
The current 
II-8  
The current cons t ant was d e t e rmined from the  exp e r imental value s on the 
l e f t  hand s ide . The value was the s ame f o r  all  the he igh t s  within a 
given po larographic run , and the s ame for  any polarographic sys t em .  From 
the conc entra t ion o f  f e rrocene and the values  o f  m
2 1 3 t 1
1 6 a t  d i f f er-
ent he igh ts  ( Tab l e  II-2 ( D ) ) ,  the current cons tan t s  were  calculated ( Tab le 
II-2 ( D ) ) .  - 1 / 2  The mean value reported  i s  4 . 1 + 0 . 1 cm s e c  I f  two 
s p e c i e s  po s s e s s  the s ame d i f fus ion coe f f ic ient , the current cons tant 
provide s the numb er  o f  e l e c trons that are involved in that part icular 
wave . The d i f f u s ion co e f f ic ient was calculated us ing e quat ion I-6  in the 
int roduc t ion s e c t ion for all f ive  wav e s  ( Tab le  I I - 2 ( D ) ) .  The mean is  2 . 4  
-5 2 + 0 . 2X l 0  cm / s ec . Th is  value agr e e s  with that r e c o rded in the 
l i t erature . [ 3 5 ] 
A s ummary o f  the po larographic re sul t s  are in Tab l e  II-3 . The s e  
value s r e f l e c t  thos e  that should b e  ob tained with t h e  reve r s ib l e  dif-
fus ion c ontrolled  oxida t ion o f  f e rrocene . The  current  c ons tant was the 
only value that was s igni f icant ly d i f f erent than expe c t e d . This  is 
exp lained by the numb er  o f  approximat ions in the I lkovic equat ion used in 
def ining the current cons tant . [ 3 6 ]  
Al l polaro graphic data , calculat ions , and reported  r e s u l t s  were  
de t e rmined i n  the s ame manner as that  for  f e r r o c ene . 
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Tab l e  I I - 3  Summa ry o f  me an ( r e p o r t e d ) 
po l ar o g r a ph i c  re sul t s  f o r  
f e rroc e ne . 
4 7  
E 1 1 2  ( Wave ) 
Current C o nt ro l S lope 
Thome s 
E vs . L o g  S l o p e  
E 1 1 2  ( P l ot ) 
Current C o n s t ant 
D i f f u s i o n  C o e f f . 
E xper i ment a l  
2 3  ± 5 mV 
0 . 4 9 + 0 . 0 1 
5 4  + 5 mV 
5 7  + 5 mV 
2 3  + 5 mV 
Liter ature 
or Theory 
0 . 5 0 ( D i f f u s i o n ) 
5 5  mV ( Rev ) 
5 7  
4 . 1 ±0 . 1  cm/s e c 1 1 2 3 . 5 cm /sec 1 1 2 
2 . 4±0 . 2X 1 0 - 5 cm 2 /sec 2 . 4 X 1 0 - 5 cm2 /sec 
B ) Voltamme try o f  f e rrocene . 
The cyc l i c  vo l t ammo gram o f  f e r r o c ene , F i gure I I- l O (A) , also  gave a 
s ingle wave . This  wave has an anodic  ( oxidat ion) and cathodic 
( reduc t ion) p eak . 
Forward s c an I l-9  
Reverse  s c an I l- 1 0  
I n  Figure I I- l O (A) the ini t ial  p o t ential  was indicated  b y  the doub l e  
arrows . The p o int o f  t h e  arrow ind icated  t h e  d i r e c t ion o f  t h e  p o t ent ial 
scan . The f o rward scan was a p o s i t ive p o t ent ial swee p  o f  an oxidat ion 
( e quat ion Il-9 ) in this cas e . Af ter  travers ing we l l  pas t the p e ak in the 
forward d i r e c t ion , the p o t ential  was held at  a cons t ant  value unt i l  the 
pen s topped  i t s  movement . Thi s  gave the current a t  the e l e c trode and at 
the X-Y recorder t ime to  equilibrate at  the hold p o t ent ial b e fore  
revers ing the  p o t ent ial s can . I f  this  t echnique was no t us e d , it  was 
d i f f icul t t o  e s tab l ish a b a s e l ine charging current needed f o r  the d e t er-
minat ion of the reve r s e  peak current s .  When the hold p o t ent ial was 
releas ed ,  the s c an dir e c t ion was reve r s e d  a s  indicated  by the arrows . In 
this case the reve r s e  s c an was a ne gative p o t ent ial swee p  t oward a 
reduc t ion ( e quat ion I I- 1 0 ) . Al l vo l t ammograms p r e s ented  later  follow 
this fo rmat . The peak p o t ent ials , p e ak current s , and half p e ak current s 
( Ep / Z ) wer e  ob t a ined f or  each p eak a t  var ious p o t ent ial s c an rates , 
Tab l e  1 I - 4 (A) . The s e  data mus t  r e f l e c t  that equat ions 11-9  and II- 1 0  
wer e  f a s t  with no s ide  reac t ions ( rever s ib le ) , and wer e  t ransported  t o  
the e l e c t rode surface only b y  d i f fus ion . 
D if fus ion control  for  the anodic  and the cathodic p e aks was t e s ted . 
I t  is  we l l  known that the maximum peak current is  
4 8  
Figure 1 1- 1 0  (A)  Cyc l i c  vo l t ammogram o f  f e r r o c ene 
in 0 . 1 M TEAP in ac e t on i t r i l e . 
( B )  Vo l t amme t r ic anodic  d i f fus ion 
c ont rol  p l o t  f o r  f e r r o c e ne . 
( C ) Vo l t amme t r ic cathod i c  d i f fus ion 
c ont rol  p l o t  f o r  f e r r o c ene . 
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Tab l e  I I - 4  Cyc l i c v o l tamrnetr i c  data for the 
o x i dati on of ferro c ene in 0 . 1 0 M 
TEAP in acetonitr i l e . 
5 0  
i ( A )  
i p , a G: A )  
. p , cl� l. l. p , c p , a 
1 .  0 0  
3 3 . 4 6.±0 . 0 6 
3 3 . 8 6 
1 . 0 1 .±0 . 0 2 
( A )  
S CAN RATE ( V /mi n ) 
2 . 0 0 5 . 0 0 
4 5 . 2 8 .±0 . 0 6 
4 5 . 6 7  
1 .  0 1.±0 . 0 2 
ANOD I C  PEAK 
0 . 0 6 4.±0 . 0 0 5  
0 . 0 0 7  
0 . 0 3 4 
5 7.±5 
CATHOD I C  PEAK 
0 . 0 0 0.±0 . 0 0 5  
0 . 0 5 7  
0 . 0 3 0  
5 7.± 5  
7 0 . 2 8.±0 . 0 6 
7 0 . 2 8 
1 .  0 0 .±0 . 0 2  
0 . 0 6 5 .±0 . 0 0 5  
0 . 0 0 9  
0 . 0 3 6  
5 6.± 5  
0 . 0 0 1 .±0 . 0 0 5  
0 . 0 5 8  
0 . 0 3 1  
5 7 .± 5 
1 0 . 0  
9 7 . 6 4.±0 . 0 6 
9 7 . 6 4 
1 . 0 0 .±0 . 0 2 
0 . 0 6 4.±0 . 0 0 5  
0 . 0 0 7  
0 . 0 3 4  
5 7.±5 
0 . 0 0 1 ±0 . 0 0 5 
0 . 0 5 7  
0 . 0 3 0  
5 6.± 5  
E - E  ( mV ) 6 6 + 5  p , a p , c  -
6 4.±5 6 4 .± 5  6 3± 5 
S c an 
1 .  0 0  
2 . 0 0 
5 . 0 0 
1 0 . 0  
2 0 . 0  
Rat e 
V /m i n  
S c an Rat e 
1 .  0 0  V / m i n  
2 . 0 0 
5 . 0 0 
1 0 . 0  
2 0 . 0  
( B ) 
ANOD I C  PEAK 
Numb e r  o f  e l e c t ro n s  
u s i n g  p o l arographi c 
D i f f . C o e  f f . C D )  . 
1 .  0 0  + 0 .  0 5  e -
0 .  9 7  
0 . 9 6 
0 . 9 4 
0 . 9 3  
D i f f u s i o n  C o e f f . C u r r e nt 
u s i � g  n = l Funct i on 
( cmJ;!. / s e c ) _ 5  
2 . 4±0 . 2 X l o _ 5  
2 . 2 + 0 . 2X 1 0  
2 .  1 +o . 2 X l  0 - 5  
2 . o+o . 2x : o
-  
l . 9:±0 . 2X l 0 - 5  
1 . 3 1 ±0 . 0 7 X 1 0 � 
l . 2 6.±0 . 0 7 X 1 0 3  
l . 2 4.±0 . 0 7 X 1 0 3 l . 2 2±0 . 0 7 X 1 0 3 1 .  1 8±0 . 0 7 X 1 0 '  
CATHOD I C  PEAK 
Numb e r  of e l e c t r o n s  
u s i n g  po l aro graph i c  
D i f  f .  C o e f f . C D )  . 
1 . 0 0 + 0 . 0 5 e -
0 . 9 7  
0 . 9 5 
0 . 9 4 
0 . 9 3 
D i f f u s i o n C o e f f . Current 
u s i ij g  n = l Func t i o n  
( c� / s e c ) _ 5 2 . 4±0 . 2X l 0 _ 5  
2 . 2±0 . 2X l 0 _ 5  
2 .  1 .±0 . 2X 1 0  - 5  
2 . 0±0 . 2X l 0 _ 5 1 . 9±0 . 2 X 1 0  
l . 3 3±0 . 0 7 X 1 0 � 
l . 2 7.±0 . 0 7 X 1 0 3  
1 . 2 3 + 0 . 0 7 X l 0 :._  -
1 l . 2 2±0 . 0 7 X 1 0 3  
1 .  1 8 .±0 . 0 7 X 1 0 '  
I I- 1 1 
5 where  i is  the p eak current in amp e re s , 2 . 7 1X l 0  is  the Randl e s ­
p 
Sevc ik cons t ant [ 3 7 ] , n i s  the numb er  o f  e l e c t rons involved in the 
e l e c tron trans f e r , A is  the e l e c trochemical  area of the e l e c trode in 
cm2 , D is the d i f fus ion c o e f f ic ient in cm
2
/ s e c , v is the s can rate in 
V/ s e c , and c *  is  the bulk concentrat ion in mol / cm3 when d i f fus ion is  
the  sole  means o f  mas s  transp or t . [ 2 9 ] Adsorpt ion and kine t ic current s 
are po s s ib l e  with plat inum e l e c trode s as  we l l  as  mercury . Adsorpt ion 
usually g iv e s  two f o rward peaks that are c ent ered  around the true peak . 
I f  only one p eak i s  ob s e rve d , the peak current wil l  b e  greatly enhanc ed . 
[ 3 6 , 3 8 ]  Kine t ic e f f e c t s  reduced the exp e c ted  value o f  the p e ak currents 
in e quat ion I I- 1 1 .  Depend ing upon the rate , or  reve r s ib i l ity , of a 
kine t ic proc e s s , the curren ts  and p o t ent ials  are af f e c t e d  accordingly . 
For examp l e , a very s low rate  produc e s  irrever s ib l e  current s and 
p o t ent ials . [ 3 6 ]  
From e quat ion I I- 1 1  i t  was c lear that a p l o t  o f  the peak current s as 
a s quare roo t o f  various s c an rate s  i s  l inear i f  d i f fus ion i s  obeyed . 
The s e  relat ionships wer e  p l o t t e d  f rom the data in Tab l e  I I - 4  (A)  for  the 
anodic  and cathodic peaks , Figur e s  I I- l O ( B )  and ( C ) , r e s p e c t ive ly . As 
wil l  be s e en later  the p eaks were  revers ib l e  ( e . g . no kine t ic contro l ) . 
The l inear ity o f  b o th plo t s  conf irms that b o th peaks ob eyed d i f fus ion 
contro l . The s lope gave inf o rmat ion about the numb e r  of e l e c trons pas s e d  
per me tal  a t om and t h e  d i f fus ion c o e f f i c ient o f  t h e  comp l ex . Assuming a 
one e l e c tron trans f e r , the d i f fus ion coe f f ic ient was 1 . 8  + 0 . 2X l 05 for  
both the anodic  and cathodic  p eaks . This  value was lower than that 
5 2 reported  on a DME , 2 . 4X l 0  cm / s e c . [ 3 2 ]  
Reve r s ib i l ity o f  this  wave was d e t e rmined in a numb e r  o f  ways . 
5 1  
Firs t ,  the peak ,  half peak ,  and the polarographic hal f  wave potent ial 
mus t  all remain fairly cons tant throughout the s e r i e s  of s c an rates . I t  
was expected . that there would be some shif t i n  p o t ent ial a t  f a s t e r  s can 
rates due to the slow response of the pen in the recorder . Non-
rever s ible redox reac t ions were expec te d  to give sh i f t s  of the p o t ent ials 
f rom 30 to 100 mV as the scan rate was var ied . Values in Table II-4 (A) 
indicate that all the potent ials for both the anodic and cathodic peaks 
were constant within the prec i s ion of the measurement . 
The shape of the wave is indicative o f  the reve r s ib i l ity o f  the 
elec tron trans f e r . This is described in a quan t i t a t ive way by the 
dif f erenc e  in the half peak and peak p o t entials , equat ion II- 1 2 . [ 29 ] 
II- 1 2  
l t  is also �valuated by the potent ial s eparat ion o f  the anodic and 
cathodic peaks in a wave us ing equat ion II- 1 3 . 
E -E • . 05 6 / n  (V) , p , a  p , c  II- 1 3  
Analysis o f  the data in Table II-4 (A) indicated that the d i f f erence in 
the peak and half peak potentials for both peaks r e f l e c t ed rever s ible 
behavior • .  However ,  the dif ferenc e in peak potentials was ab out 1 0  mV 
larger than expected . The s e  values proved to be typical o f  a number o f  
runs obtained with f errocene . Thus , any e le c t roac t ive species tha t 
produced s imilar peak separat ions was cons idered rever s ible . Non-
revers ible systems were expected to give larger values than those found 
in equations II- 1 2  and II- 1 3 , 80-200 mV . [ 3 6 }  
The f inal t e s t  o f  reve r s ib i l ity was the ratio o f  peak currents . A 
rever s ib le syst�m yields a rat io of one . As a sys t em be comes more 
irreve r s ib l e , the rat io dev iates f r om one , ( e . g .  0 . 7 t o  O) . The rat io 
5 2  
also  indicates  the s tab i l ity o f  a s p e c i e s  on the t ime s cale  o f  the 
e le c trochemical exp er iment . [ 3 6 ] 
The mean values o f  the peak p o t ential s , current ratios , half  peak 
potential s , d i f f erence in half and p e ak po tent ials , and d i f f erence in 
peak potentials are summar i z e d  in Tab l e  II-5 . 
The polarographic half wave p o t ent ial was evaluated  by measur ing the 
potential of  the wave 85 . 1 7 %  up the peak . [ 2 9 ]  The exp e r imental  value s 
are in Tab l e  II-4  (A) . The mean value for  both p e aks , 3 3  ± 5 mV , is  
repor ted  in Tab l e  II-5 . This  value is  10  mV more  p o s i t ive than that 
f ound in polarography . Thi s  is  b e l ieved to  b e  s imp ly an exp e r imental and 
no t a kine t ic overpotent ial shif t . 
The re sult s , Tab l e  II-5 , cer tainly support that f errocene is  
undergoing a revers ib l e , dif fus ion controlled  redox proce s s . The 
reac t ions of  equat ions I I-9  and I I- 1 0  are indeed  f a s t  and uncomp l icated . 
Sub s t itut ing the dif fus ion coe f f ic ient from the polarographic  analy s i s  of  
f errocene (Tab l e  I I - 3 )  into equat ion I I- 1 1  ye ilded the  value of  n .  This 
was done for bo th peaks and the result  p r e s ented  in Tab le II-4 ( B ) . 
Within the precis ion o f  the calculat ion , the s e  value s conf irm the l o s s  
and gain o f  one e l e c t r on ,  as  is  sugge s t e d  i n  t h e  r edox e quat ions I I-9  and 
I I- 1 0 . Now assuming n is e qual to one , the dif fus ion c o e f f ic ient for  
each s c an rate  o f  each p eak was d e t e rmined us ing e quat ion I I- 1 1  and 
reported  in Tab le I I - 4  ( B ) . B o th n and the dif fus ion c o e f f i c ient 
decrease as the s c an rate increase s . Insp e c t ion o f  Figur e s  I I- l O (A) and 
( B )  show the current values tail s light ly at the higher s can rates . The 
current value is b e l ieved to b e  the maj or contributor to the deviat ion of  
thes e  result s .  At  th e  f a s t e r  scan r a t e s  a ho s t  o f  exp e r imental factors  
can be given to explain thi s  type o f  current b ehavior . Thus , only the 
results  at the s lower s c an rates  are reported  (Tab l e  I I - 5 ) . 
5 3  
T a b l e  I I - 5  S ummary o f  the me an ( r eporte d ) 
vo l tarnme t r i c  r e s u l t s  for f e r ro c e n e . 
5 4  
T e rm 
Eo 
E 
p , a 
E 
p , c 
E - E  
p , a p , c 
n 
D i f f u s i on C o e f f . 
C urrent Func t i o n  
E x:Qe r i mental 
0 . 0 3 2±0 . 0 1 0  v 
0 . 0 6 5±0 . 0 0 5  v 
0 . 0 0 1±0 . 0 0 5  v 
0 . 0 6 5±0 . 0 0 5 v 
0 . 0 5 7±0 . 0 1 0  v 
0 . 0 3 3±0 . 0 0 5  v 
1 .  0 0±0 . 0 5  e -
2 .  4 _-.t0 . 2�1 0 - 5 
cm / s e c  
l . 3 2_-.t0 . 0 7 X l 0 3 
L i t e rature 
or The o r:z 
0 . 0 5 6  v 
0 . 0 5 6 v 
0 . 0 2 3±0 . 0 0 5 V ( Po l aro . ) 
1 
- 5  2 2 . 4X 1 0  cm / s e c 
1 . 3 2 7 X 1 0 3 
A value called the current func t ion was calcula t e d , us ing equat ion 
I I- 1 4 , and reported in Tab l e  II-4  ( B ) . 
. 1 / 2  * . 5 3/2 1/2 i / Av C =Current Func t ion= ( 2 . 7 1X l 0 ) n  D p 
I I - 1 4  
All variab l e s  have been def ined above . The s ame t r end was ob s e rved here  
as with the  dif fus ion c o e f f i c ient . S inc e the va lue s are  a l s o  dependent 
on the peak current s ,  the reported  current func t ion was tha t for the s low 
scan rate  (Tab l e  I I - 5 ) . 
All the exp e r imental results  are summariz ed in Tab l e  I I - 5 . Al l 
values except  that for  the peak s eparat ion we re  cons i s t ent with the 
exp e c t e d  results  for f errocene . Al l vo ltamme t r i c  data , calculat ions , and 
reported results  wer e  determined in the same manner as that for  
f errocene . 
C )  Summary 
Ferrocene was the "model"  in which the · s -P me tal  c omplexes  we re  
compared . The data  that were ob tained with  the s e  S-P sys t ems are  
cons idered rever s ib l e  and d i f fus ion controlled  when they produc e the same 
charac teri s t ic results  as tho s e  ob s e rved f o r  f e r r o c ene . 
7 .  SYNTHES I S  AND CHARACTERI ZATION OF  THE METAL COMPOUND S .  
A) l - ( d iphenylphos phino ) -2- ( th ioe thyl )  e thane ( S-P) . 
The me thod o f  preparat ion u t i l i z e d  a pub l ished synthe s is by Rigo and 
Bres s an . [ 2 1 ]  To a l iquid ammonia s o lut ion ( 5 00  mL ) , cooled  in a dry 
ice-isopropano l . b ath , sod ium me tal  was added unt i l a b lue color was 
maintained for  thirty minut e s . An add i t ional 5 . 4  g ( 0 . 3 2  mo l e s )  o f  me tal 
5 5  
was added . Tr ipheny l phosphine ( 3 8 . 2  g ,  0 . 1 6  mo l e s )  was s lowly added 
over  a 6 0  minute  per iod . S o lut ion color  changed  f rom b lue to  deep 
orange . Ammonium bromide ( 1 4 . 3  g ,  0 . 1 5  mo l e s )  was s lowly added to  the 
s o lut ion changing the color to l i ght  orange . An e ther ( 20 mL ) s o lut ion 
of  C lCH2cH2 ScH2cH3 ( 1 8 mL , 0 . 1 5  mo l e s )  was added dropwise  over  a 
s ixty minu te  p e r iod discharg ing the orange solut ion color . A white  s o l id 
was suspend ed  in the s o lut ion a f t er 3 0  minutes  o f  s t ir r ing . An 
addi t ional 2 g ( 0 . 02 mol e s )  o f  NH4Br  was added and the s o lut ion was 
s t irred  f or  6 0  minut e s . The s o lvent was removed by allowing the react ion 
mixtur e  to warm to room temperature overnight . 
The produc t , ( C 6H5 ) 2PcH2cH2 scH2 CH3 , was extrac t e d  with 
a 50% wat e r / e ther mixtur e . The o i l  was cry s t a l l i z e d  in me thano l 
produc ing 2 2 . 3  g ( 0 . 08 mole s , 5 4 %  yield  o f  white  c ry s t a l s  (mp . repor t e d  
0 0 44  C [ 2 1 ] ; f ound 40- 4 1  C ( N2 ) ) .  Thin-layer chromatography ( 40%  
CH2c1 2 / e thano l mob ile  phas e )  gave a s ingle spot  the locat ion o f  which 
corres ponded  to pure S-P . 
The me thod o f  preparat ion o f  the three  me tal  comp lexes u t i l i z e d  a 
procedure pub l ishe d by Hathaway and coworke r s . [ 3 9 ] In a typ ical  react ion 
[ NO ] [ BF4 J 2 ( 69 . 9  mrno l e )  was added to  a s lurry of  me tal  powder ( 3 9 . 9  
mrnol e )  in a c e t onitrile  ( 7 5  mL) . the s o lut ion was s t irred for 3 hour s 
unde r  reduced pre s s ure . Af ter  s o lvent reduct ion the p roduc t was isolated 
by f iltrat ion . Re crys tallizat ion in an e thyl ac e t a t e / ace tonitrile  
mixture gave a b lue-purp l e , orange , and l i ght  green  s o l id for nicke l ( I I ) , 
coba lt ( I I ) , and the iron ( I I )  comp l exe s , r e s p e c t ively . All thr e e  isolated 
comp lexes produced  yields  b e tween 85  and 9 5  p e r c ent . 
The me l t ing p o ints  for  N i ( CH
3 CN) 6 • 5
( BF4 ) 2 ( reported : 
1 1 9 - 1 2 2°C 
5 6  
0 0 
found : 1 3 3- 1 3 5  C ( NZ ) : 1 Z 9 - 1 3 1  C . ( Vac ) ) ,  Co ( CH3 CN) 6 ( BF4 ) Z ( r epo r t e d : 
1 Z 7 - 1 3 0°C f ound : 1 Z 4- 1 Z 6°C ( NZ ) and ( Va c )  ) ,  and Fe ( CH3 CN) 5 . 5 ( BF4 ) z 
( reported : 1 1 4- 1 1 6°c f ound : 1 0 1 - l O Z°C ( NZ ) : 8 7 - 9 0
° C . ( Vac ) ) we r e  
d i f f icul t to  determine due to the wide range i n  t emp e r a t ure  i n  wh ich they 
s o f tened . [ 3 9 )  Thos e  given are the range in wh ich a c lear  l i quid  f o rmed . 
The nuj o l  mul l  inf rared s p e c t r a  o f  a l l  thr e e  c omp l exes  are in F igure 
I I- 1 1 .  - 1  The bands a t  Z 3 3 0 and Z Z 9 4  cm ind i c a t e  the M-N-CCH3 
coordinat ion o f  acetoni trile . [ 4 0 , 4 1 )  The b r o ad band at  1 03 0  t o  1 1 00 
cm- l  ind icat e s  the ionic charac t e r  o f  the t e traf luoroborate  anion . 
Coordinat ion will lower the symme try o f  the anion ( e . g . Td to  c 3v) ,  
- 1  and caus e the band , 1 03 0- 1 1 00  cm , t o  s p l i t . [ 4 Z ]  Al l the bands in 
Figure I I- 1 1  are cons i s t ent with tho s e  r e p o r t e d  by Hathaway . [ 3 9 ) 
The cobalt  and nicke l comp l ex e s  were  s t ab l e  under  ine r t  atmo s phere . 
Iron .oxidat ion and l o s s  o f  coordinat ion was a prob l em .  The emp ir ical 
f ormula , Fe ( CH3CN) 5 • 5
( B F4 ) Z ' was  evaluated  by t i t r a t ion with 
dichroma t e  ion . [ 4 3 )  
The preparat ion o f  [ N i ( S -P ) z ] [ C l04 ] z has b e en r e p o r t ed . [ Z l ] 
Preparat ions o f  [ N i ( S-P ) z ) [ BF4 ) Z ' [ Co ( S-P ) Z CH3 CN ] [ BF4 ) z , and 
[ Fe ( S-P) Z ( CH3 CN) z . 5 1 [ BF4 1 z u t i l i z e d  this  me thod . A h o t  butano l ( Z O mL )  
s o lut ion o f  S - P  l i gand ( 1 . 1 4 g ,  5 . 43  mmo l e )  was added to  a h o t  butano l 
( Z O  mL) s o lut ion o f  [ Ni ( CH3 CN) 6 . 5 ] [ BF4 1 z ( 1 . 1 4 g ,  Z . Z 8 mmo l e ) . 
The s o lut ion was allowed to  s t ir for  three  hours . The produc t , iso lated 
by f i l trat ion , was recrys tal l i z e d  in a me thy l ene chloride e thano l mixture 
giv ing a ye l low powder ( 88%  yield . ) 
The me l t ing p o ints wer e  Z 5 7 - Z 6 0  °c (N Z ) ( d )  and Z 5 6- Z 6 0
°C ( Vac)  
( d ) . The  analogous perchlorate  s a l t  had a me l t ing po int of  
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F i gure 1 1- 1 1 Infrared s p e c t r a  o f  [ M ( CH3 CN) x ] 
[ BF4 J 2 M Ni  x= 6 . 5 ,  C o  x=6 , 
Fe  x=S . 5 .  
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246-2 4 7 °C . [ 2 1 ] The nuj o l  mul l  and KBr p e l l e t inf rared  s p e c tra  are  in 
Figur e s  I I- 1 2 (A) and II- 1 3 (A) r e s pe c t ive ly . Expans ion o f  the r e g ion in 
which bands were  exp e c t e d  for  coordinated  and f r e e  a c e toni t r i l e  i s  in 
Figure I I- 1 4 (A) . Expans ion of the r e g ion b e twe en 2000  and 3 5 0  cm-
l 
is  
in  Figure I I- 1 5 . The s e  s p e c t ra sugge s t  tha t the r e  i s  no  coo r d ina t e d  o r  
f r e e  ace toni t r i l e , the BF4 anion is  no t coordinated , and the S-P 
l igand is p r e s ent in the comp lex ( e . g . compare F i gure s  I I- 1 2 (A) and 
ll- 1 3 (A) to I I - 1 1 ) . Shif t s  in the band s a s s igned to the l igand sugge s t  
that i t  re s id e s  in the coordinat ion s phere . 
Calculated f o r  [ N i ( S-P) 2 ] [ BF4 ] :  C , 4 9 . 2 1 :  S , 8 . 2 1 : P , 7 . 9 3 :  
H , 4 . 90 %  Found : C , 4 9 . 3 8 : S , 8 . 3 0 :  P , 7 . 8 3 :  H , 4 . 8 7 % . 
D )  [ Co ( S-P) 2 ( cH3CN) ] [ BF4 J 2 
A hot butano l ( 3 0 mL )  s o lut ion o f  S-P l i gand ( 1 . 5 6 g ,  5 . 6 9 mmol e )  
was added to  a h o t  butano l ( 2 0  mL) s o lut ion of [ Co ( CH3CN) 6 ] [ BF4 J 2 
( 1 . 2 1 g ,  2 . 5 2 mmo le ) . The s o lut ion was allowed t o  s t ir overnight . The 
produc t , i s o lated  by f iltrat ion ,  was r e c rys t a l l i z e d  in butanol giving a 
brown powder ( 8 8%  yield) . 
The me l t ing p o int was 1 8 1 - 1 8 4°C ( N2 ) ( d ) . The d i f f erent ial  s c an 
calor ime try p lo t , Figure I I- 1 6 ( B ) , has thre e  p eaks . The expans ion o f  the 
lower tempe rature peak i s  in Figure I I- 1 6 (A) . I t  i s  b e l ieved that this 
peak i s  due to  the l o s s  of  a c e t oni t r i l e . At t emp t s  a t  i s o l a t ing the f our 
coordinat e  comp l ex , [ Co ( S-P ) 2 ] [ BF4 J 2 were unsuc c e s s ful . The s o l id 
b e g ins to me l t  at  1 8 0°C and b o i l s  at  2 1 0° C .  The top o f  the capillary 
was coated with an oil a f t e r  the me l t ing point d e t e rminat ion . The o i l  
sugge s t s  that t h e  two high t emperature peaks , 2 1 3  and 2 4 4°C ,  may 
repres ent the p o int at which the S-P l igand is d iplaced  from the complex 
and the s o lut ion . 
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Figure 1 1- 1 2  A) lnfrared s p e c t rum o f  a nuj ol  mull  
o f  [ N i ( S-P) 2 ] [ BF4 J 2 . 
B ) lnfrared s p e c t rum o f  a nuj ol  mull  
o f  [ Co ( S-P) 2 CH3 CN ] [ BF4 1 z · 
C ) lnfrared s p e c t rum o f  a nuj o l  mul l  of  
[ Fe ( S-P) 2 ( CH3 CN) 2 . s ] [ BF4
l z · 
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Figure II- 1 3 A) Infrared spec trum o f  a KBr p e l l e t  
o f  [ N i ( S-P) 2 ] [ BF4 J 2 . 
B ) Inf rared s p e c t rum o f  a KBr p e l l e t  
o f  [ Co ( S-P ) 2cH3CN ] [ BF4 J 2 . 
C ) Infrared s p e c t rum o f  a KBr p e l l e t  o f  
[ Fe ( S-P) 2 ( CH3 CN) 2 . 5 J [ BF4 J 2 . 
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F igure II- 1 4 A) Expanded inf rared  s p e c t rum 
f r om 2 400  to  2 000  cm-
l 
o f  
B ) Expanded inf rared s p e c t rum 
- 1  f r om 2 4 00  t o  2000  cm o f  
C ) Expanded inf rared  s p e c t rum 
f rom 2 400  t o  2 0 0 0  cm- l o f  
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Figure 1 1- 1 5  Expanded  inf rared s p e c t ra from 
- 1  2000  t o  3 5 0 cm o f  [ N i ( S-P) 2 ] ( BF4 J 2 , 
[ C o ( S-P ) 2cH3 CN ] [ BF4 J 2 , and 
[ Fe ( S-P) 2 ( CH3CN) 2 . s ] [ BF4
l
2 · 
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Figure 1 1- 1 6  D i f f e rent ial s c an calorime t ry o f  
[ Co ( S-P) 2 cH3CN ] [ BF4 J 2 • 
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Nuj o l  mul l  and KBr p e l l e t  infrared s p e c tra are  in Figures  I I- 1 2 ( B )  
and I I - 1 3 ( B )  respe c t ive ly . Expans ion of  the two bands a s s igned t o  
coordinate d  ace tonitr ile  is i n  Figure I I- 1 4 ( B ) , 2 2 7 6  and 2 3 0 9  cm- 1 • 
Expans ion o f  the r eg ion be tween 2000  and 3 5 0  cm- l  is  in Figure I I- 1 5 . 
Thes e  s p e c tra sugge s t  that the r e  is  coordinated  ace tonitrile , 
noncoordinated  BF4
- anion , and coordinated  S-P l igand . 
Calculated  fo r  [ Co ( S-P) 2 ( cH3CN) ] [ BF4 ] :  C , 49 . 6 6 :  S , 7 . 80 :  
P , 7 . 5 3 :  H , 5 . 03 : N , 1 . 7 0%  Found : C , 48 . 7 8 :  S , 7 . 60 :  P , 7 . 5 9 :  H , 5 . 1 7 :  
N , 1 . 6 3 % . 
E )  [ Fe ( S-P) 2 ( CH3 CN) 2 . 5 ] [ BF4 l 2 
S o l id [ Fe ( CH3 CN) 5 _ 5
J [ BF4 ] 2 ( 1 . 03 g ,  2 . 2 8 mmol e )  was added in 
small a liquo t s  to an acetoni t r i l e  ( 5 0  mL s o lut ion o f  S-P l igand ( 1 . 8 1 g ,  
6 . 6 0mmol e ) . The s o lut ion was al lowed t o  s t ir overnight . The produc t ,  
isolated by f iltrat ion , was recry s t a l l i z e d  in a 40%  e thano l / ace tonitrile  
mixture g iv ing a r e d  powder ( 7 6 % yield) . 
The mel t ing p o int s wer e  1 9 0- 1 9 3 °c ( N2 ) and 1 8 3- 1 88
°C ( Vac) . 
The s amp le  turned to  a color l e s s  s o lut ion at  approxima t e ly 200°C .  An 
o i l  was ob s e rved a t  the top o f  the tub e  while  a whi t e  s o l id was f ormed at 
room t emperature in the bot tom .  This sugge s t s  tha t the l igand was 
removed from the s o lut ion and condensed  at  the top of the capi llary . 
Nuj o l  mul l  and KBr inf rared sp ectra  are  in Figure s  I I- 1 2 ( C )  and 
I I- 1 3 ( C )  r e s p e c t iv ely . Expans ion of the bands b e l ieved to be from 
coordinated  acetonitrile  is  in Figure I I- 1 4 ( C ) , 2 2 5 8 , 2 2 7 7 , 2 2 80 , and 
- 1  2 2 9 7  cm • The s e  bands wer e  very weak , nece s s itat ing caut ion as  to  
the ir a s s ignment ( e . g .  background no i s e ) . Expans ion o f  the  region 
- 1  b e tween 2000  and 3 5 0  cm i s  in Figure I I- 1 5 . The s e  s p e c tra sugge s t  
noncoordina t e d  BF4
- anion and coordinated  S-P l i gand . 
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Calculat e d  for [ Fe ( S-P) 2 ( cH3 CN) 2 _ 5
] [ BF4 ] :  C , 5 0 . 4 5 :  S , 7 . 2 8 :  
P , 7 . 03 :  H , 5 . 2 1 : N , 3 . 9 8%  Found : C , 5 0 . 8 2 :  S , 7 . 3 1 :  P , 6 . 9 7 :  H , 5 . 4 8 :  
N , 3 . 82 % . 
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SECTION I I I  
RESULTS  AND D I S C U S S ION 
1 .  ELECTROCHEMI CAL BEHAVIOR OF  ( C 6H5 ) 2PcH2CH2 SCH2cH3 ( S-P)  AND 
P ( C 6H5 ) 3 ( PPh3 ) .  
A) Vol t amme try and polarography o f  S-P . 
The polaro gram o f  S-P produc ed  a s ingle oxidat ion wave , Figure 
1 1 1- l ( D ) . Maximum o f  the f ir s t  kind l imi t e d  quan t i t a t ive measurements 
which inc luded  r eve r s ib i l ity . The oxidat ion wave b e gan at  -0 . 4 6 0+0 . 005  
V .  The current maximum s ub s ided a t  approxima t e ly -0 . 2 5  + 0 . 0 2 V .  
Currents from -0 . 2 5 t o  0 . 3 0  V we r e  under dif fus ion control . 
1 / 2  2 / 3  The current cons tant , 3 . 05±0 . 05 µ A s e c  mg I rnrno l e , and the 
dif fus ion c o e f f i c ient , 1 . 4±0 . lX l 0- 5  cm2 / s e c , we r e  ob ta ined from 
dif fus ion current s at  -0 . 1 0 0  V .  The value o f  the current cons tant 
sugge s t ed  a one e l e c tron t rans f e r . 
The vol t arnrno gram o f  S-P produc e d  two oxida t ion p e aks and a reduc t ion 
peak , Figure l I I - l (A) . Al l thre e  p e ak currents we r e  governed by 
dif fus ion . Shi f t s  in p e ak and hal f  p e ak p o t ential s , large s e parat ion in 
peak pot ent ials ( e . g .  1 . 4 5 5± . 005  V) , and the ab s enc e of a cathodic p e ak 
accompanying the s e c ond oxida t ion ( 1 . 3 7 0±0 . 005V)  we r e  suf f ic ient evidenc e 
to  determine irreve r s ib i l ity for b o th oxidat ions . The current func t ions 
for the f i r s t  oxidat ion , 5 . 5±0 . 1X l 0
2
, and the s e c ond oxidation ,  
2 
1 . 4±0 . lX l O  , sugge s t e d  that the s e  wer e  one e l e c tron trans f e r s . The 
-5 2 dif fus ion c o e f f ic ients for  the f ir s t  oxidat ion , 3 . 4±0 . 2X 1 0  cm / s e c , 
and the s e cond oxidat ion , 2 . 0±0 . 2X l 0-5  cm2 / s e c , sugge s t e d  that the 
two waves originate from d i f f e r ent s p e c i e s . 
The cathodic p eak was a s s igned to  an oxida t ion wave by employing a 
reversal  t e chnique . By rever s ing the s c an at  various p o ints along the 
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F igure I I I - 1  Vo l t arnmog r arns and the 
po l ar o g r am o f  
( C 6 H 5 ) 2 PCH 2 CH 2 S C H 2 CH 3 
i n  0 . 1  M TEAP i n  a c e t on i t r i l e . 
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oxidat ion wave s ,  the oxidat ion p e ak that coup l e s  t o  the reduc t ion peak 
was dis covered . The cathodic peak ,  E at  -0 . 7 2 + 0 . 0 7 V ,  was a s s igned p -
to  the anodic peak ,  E 
p 
at  0 . 84 + 0 . 05V . Expans ion o f  the two oxidat ion 
waves are in Figure 1 1 1- l ( B ) . Repeated  scans , Figure 1 1 1 - l ( C ) , caus ed  a 
reduc t ion o f  current and po s i t ive shi f t s  in the peak p o t ent ials . Th is  
behavior sugge s t ed  a f i lm forma t ion on the e l e c t rode  surface . [ 29 ]  Thus , 
the elec trode was poised  a t  - 1 . 5 0 V and cleaned with a Kim-wipe prior to  
each s can . 
The wave pos i t ion and charac t e r i s t ic s  ob s e rved here will be  used  t o  
a s s ign waves in t h e  vol t ammograms and p olarograms t o  b e  introduced  later . 
B ) Voltamme try and polarography o f  PPh3 • 
The p olarogram o f  PPh3 produced  a s ingle oxidat ion wave , F igure 
lll-2 ( C ) . Maximum o f  the f ir s t  kind prohib i t e d  d e t e rmining reve r s ib il i t y  
quant itative ly . The oxidat ion wave began at  -0 . 3 1 0+0 . 00 5  V .  The current 
maximum sub s ided a t  approxima t e ly -0 . 1 9±0 . 02 V .  Currents  from -0 . 1 8 t o  
0 . 3 0 V were  under  dif fus ion contro l . 
1 / 2  2 / 3  The current  cons tant , 2 . 4±0 . 2 µ A  s e c  mg I mmole , and the 
-5 2 dif fus ion c o e f f i c ient , 9±1X l 0  cm / se c , were  ob tained from the 
current s at  -0 . 1 0 0  V .  The value of the current cons tant sugge s t ed a one 
e l e c tron trans f e r . 
The vol t ammogram o f  PPh3 produced a s ingle oxidat ion wave ( F igure 
l l l- 2 (A) ) . The peak i s  dif fus ion controlled . From the appearanc e o f  the 
wave , irreve r s ib il ity i s  apparent . The shif t s  in the peak ( e . g .  0 . 88 1  t o  
0 . 9 8 0  + 0 . 005  V)  and hal f  peak p o t ent ials  ( e . g . 0 . 7 6 2  t o  0 . 843  + 0 . 00 5  V)  
conf irm irrever s ibility . 
2 
The current func t ion , 4 . 8± . 3X l 0  , sugge s t s  
there was a l o s s  o f  one e l e c tron . D e t e rmina t ion o f  the dif fus ion 
-6 2 c o e f f ic ient yielded 3 . 2+ . 3X l 0  cm / s e c . 
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F igure I I I - 2  Vo l t arruuo g r ams and the 
po l arogram of P ( C 6 tt 5 ) 3 
i n  TEAP in ac e to n i tr i l e . 



















































































The anodic peak , 0 . 9 3± . 05  V ,  had no coupled cathodic peak . 
Expans ion o f  the oxidat ion wave i s  in Figure I I I - 2 ( B ) . Rep eated  s c ans , 
F igure I I I- 2 (D ) , caused a r educ t ion o f  current and po s it ive shif t s  in the 
peak p o tentials . Film forma t ion was sugge s ted  as the cause of  this 
behavior . [ 2 9 ] The e l e c trode was p o i s e d  a t  - 1 . 00 V and c leane d with a 
Kim-wipe· prior  t o  each s c an . 
On b o th mercury and plat inum S-P was easier  t o  oxid i z e  than PPh3 • 
The re was a large oxida t ion over p ot ential for  b o th s p e c i e s  on plat inum . 
The s e  e l e c trochemical charac t e r i s t i c s  were  used  to  a s s ign waves  in the 
voltammograms and p o larograms t o  b e  pre s ented  later . 
2 . ELECTROCHEMICAL BEHAVIOR OF [ N i ( S-P ) 2 ]
2+
. 
A) Vol t amme try and po larography o f  [ N i ( S-P ) 2 ]
2+ . 
The anodic  sweep  o f  [ N i ( S-P ) 2 ]
2+ , F igure I I I - 3 (A) , produced a 
wave a t  approxima t e ly 1 . 3 0+0 . 02 V .  The current magnitude  sugge s t  that a 
one e le c tron trans fer  i s  t aking place . The shape o f  this  wave and i t s  
proximity t o  the d i s charge  current make i t  d i f f icult  t o  analyz e .  The 
catho dic  swe e p , Figur e s  I I I - 3 ( B ) , produce d  two we l l  def ined wave s .  The 
expans ions of the f i r s t  and s e c ond reduc t ions are in F igure I I I-3 ( C )  and 
( D ) . The wave in Figure I l l -3 ( C )  has a cathodic and anodic  peak shape 
that i s  charac t e r i s t ic o f  a revers ib l e  couple . The expande d  wave in 
Figure I l l - 3 ( D )  has an anodic  peak shape that ind i c a t e s  a nonideal 
e l e c trochemical pro c e s s . The p o t en t ial and current data from the f i r s t  
and s e c ond waves a r e  summar i z e d  i n  Tab l e s  1 1 1 - 1 and 1 1 1 -2 , respec t ively . 
The anodic  and cathodic peaks in the f ir s t  wave obey d i f fus ion 
contro l . The value s o f  the peak p o t ent ials , half p e ak p o t ent ial s , and 
half wave p o t ent ials are c ons t ant  over the range of s can r a t e s . The 
current rat ios  are only s l igh t ly greater  than one , and are cons t ant . 
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F i gure I I I - 3  Vo l t ammo g r am s  o f  [ N i ( S - P ) 2 J
2 +  
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T ab l e  I I I - 1  Vo l t amme t r i c  d a t a  for the 
f i r s t  reduc t i o n  wave o f  
[ N i ( S - P ) 2 J [ BF 4 J 2 i n  0 . 1  M 
TEAP i n  a c e t on i t r i l e . 
7 3  
i ( A )  
i p , c C A )  . P '  a/'JI: l. l. p , a p , c 
1 .  0 0  
1 7 . 3 2±0 . 0 6 
1 6 . 4 9 
0 . 9 5±_0 . 0 2 
( A )  
S CAN RATE C V /m i n ) 
2 . 0 0 · 5 . 0 0 
2 4 . 3 1±0 . 0 6 
2 2 . 4 4 
0 . 9 3±_0 . 0 2 
CATHOD I C  PEAK 
3 6 . 1 6±0 . 0 6 
3 3 . 0 7 
0 . 9 2±0 . 0 2 
1 0 . 0  
5 1 . 1 8±0 . 0 6 
4 9 . 0 2 
0 . 9 6±0 . 0 2 
E ( V ) 
E p ' c ( V ) 
- 0 . 6 7 7±0 . 0 0 5  - 0 . 6 7 7±0 . 0 0 5  - 0 . 6 8 0 ±0 . 0 0 5  - 0 . 6 7 9±0 . 0 0 5  
- 0 . 6 1 8  p / 2 E 1 12 C V ) - 0 . 6 4 5  E p , c -
E p / Z ( mV ) 5 9± 5  
- 0 . 6 1 7  
- 0 . 6 4 4  
6 0 ±5 
ANOD I C 
- 0 . 6 1 8  - 0 . 6 1 7  
- 0 . 6 4 5  - 0 . 6 4 4  
6 2±5 6 2± 5  
PEAK 
E ( V ) 
Ep , a ( V ) 
- 0 . 6 0 3±0 . 0 0 5  - 0 . 5 9 9±0 . 0 0 5  - 0 . 5 9 6±0 . 0 0 5  - 0 . 5 9 4.±0 . 0 0 5  
p/ 2 - 0 . 6 6 5  E 1 1 2 C V ) - 0 . 6 3 8  E
p , a -
Ep / 2 C mV ) 6 2± 5  
E - E ( mV ) 7 4 + 5  p , a p , c -
- 0 . 6 6 1  - 0 . 6 5 8  
- 0 . 6 3 4  - 0 . 6 3 1  
6 2±5 6 2.±5 
7 8± 5  8 4± 5  
( B )  
S c an 
1 .  0 0  
2 . 0 0 
5 . 0 0 
1 0 . 0  
Rat e  
V /m i n  
S c an Rat e 
1 .  0 0  V /m i n  
2 . 0 0 
5 . 0 0 
1 0 . 0  
CATHOD I C  PEAK 
Numb e r  o f  e l e c t r o n s  
u s i n g  p o l a r o g r aph i c 
D i  f f . C o e f f . ( D )  . 
0 . 9 6 + 0 . 0 5 e -
0 . 9 5 
0 . 9 2 
0 . 9 2  
D i f f u s i o n  C o e f f . 
u s i B g  n = l 
( cm.;;,. / s e c ) _ 6  
6 . 5_±0 . 2 X l 0 _ 6 6 . 4_±0 . 2X l 0 _ 6 
5 . 7 + 0 . 2X l 0  � 
5 . 7±0 . 2X 1 0 - ti 
ANOD I C  PEAK 
Numb e r  of e l e c t rons 
us i ng po l arographic 
D i f f . Coe f f . ( D I . 
0 . 9 3 + 0 . 0 5 e -
0 . 9 0 
0 . 8 6 
0 . 8 9 
D i f f u s i o n C o e f f . 
u s i�g n = l 
( cm- / s e c ) _ 6 
5 . 9_±0 . 2 X 1 0 _ 6 
5 . 4_±0 . 2X l 0 _ 6 
4 . 8 + 0 . 2 X 1 0  
r:: "+o 0 x 1 1i - 6 J .  <.. _ . (.., ·.J 
- 0 . 6 5 8  
- 0 . 6 3 1  
6 4 _± 5  
8 5± 5  
Current 
Fun c t i o n 
.-, 
6 . 9_±0 . 3Xl 0 �  
6 . 9_±0 . 3 X 1 0 � 
6 . 5_±0 . 3 X 1 0 z 
6 . 5_±0 . 3 X 1 0 
Current 
Func t i o n  
6 . 6_±0 . 3 X 1 0 � 
6 . 3_±0 . 3 X � O � 
5 . 9_±0 . 3 X .i. 0 2 6 . 2_±0 . 3 X 1 0 
T ab l e  I I I - 2 Vo l t anune t r i c  d a t a  for the 
s e c ond reduc t i o n  wave o f  
[ N i ( S - P ) 2 ] [ BF 4 J 2 i n  0 . 1  M 
TEAP i n  a c e to n i tr i l e . 
7 4  
i � A )  
i p , c A ) 
. p , al .  l. l. p , a p , c 
1 .  0 0  
2 1 . 3 1 .±0 . 0 6 
1 9 . 9 3  
0 . 9 3.±0 . 0 2 
( A ) 
S C AN RATE ( V/mi n ) 
2 . 0 0 5 . 0 0 
2 8 . 6 4±0 . 0 6 
2 6 . 3 8 
0 . 9 2±0 . 0 2 
CAT HOD I C  PEAK 
4 3 . 3 0 ±0 . 0 6 
3 9 . 0 7 
0 . 9 0 ±0 . 0 2 
1 0 . 0 
5 9 . 4 5 ±0 . 0 6 
5 1 . 3 8 
0 . 8 6.±0 . 0 2 
E ( V ) 
E p , c ( V ) 
- 1 . 2 7 1 ±0 . 0 0 5  - 1 . 2 6 6±0 . 0 0 5  - 1 . 2 6 8±0 . 0 0 5  - 1 . 2 6 9.±0 . 0 0 5  
- 1 . 2 0 5  p/ 2 E 1 1 2 C V ) - 1 . 2 3 3  E - E  1 2 c mV ) 6 6± 5  p , c P 
- 1 . 2 0 6 
- 1 . 2 3 3  
6 0 ± 5  
ANOD I C  
- 1 . 2 0 7  - 1 . 2 0 9  
- 1 . 2 3 4  - 1 . 2 3 6  
6 1 ± 5  6 0± 5  
PEAK 
E ( V ) 
E p , a ( V )  
- 1 . 1 9 6 ±0 . 0 0 5  - 1 . 1 9 8 .±0 . 0 0 5  - 1 . 2 0 0 ±0 . 0 0 5  - 1 . 2 0 1 ±0 . 0 0 5  
p/ 2 - 1 . 2 6 1  
E 1 1 2 C V ) - 1 . 2 3 4  E - E  1 2 C mV ) 6 5± 5  p , a P 
E - E  ( mV ) 7 5 + 5  p , a p , c -
- 1 . 2 5 9  - 1 . 2 6 3  - 1 . 2 6 5  
- 1 . 2 3 2  - 1 . 2 3 6 - 1 . 2 3 8  
6 1± 5  6 3± 5  6 4 ± 5  
6 8±5 6 8± 5  6 8± 5  
( B )  
CATHOD I C  PEAK 
Numb e r  o f  e l e c t ro n s  
u s i n g  p o l arograph i c  
D i f f . C o e f f . C D ) . 
1 . 0 3 + 0 . 0 5 e -
D i f f u s i o n  C o e f f . C ur r e nt 
S c an 
1 .  0 0  
2 . 0 0 
5 . 0 0 
1 0 . 0  
Ra t e  
V/mi n 
S c an Rat e  
1 .  0 0  V /m i n  
2 . 0 0 
5 . 0 0 
1 0 . 0  
l .  0 0  
0 . 9 7 
0 . 9 5 
u s i � g  n = l 
( cm� / s e c ) - Fi  
9 . 9 + 0 . 2 X 1 0  ;:, 
8 . 9_±0 . 2 X 1 0 = � 
8 . 2±0 . 2 X 1 0 _ S 7 . 7±0 . 2 X 1 0  
ANOD I C  PEAK 
Numb e r  of e l e c t r o n s  
u s i ng po l aro gr aph i c 
D i f f . Coef f . ( D ) . 
0 . 9 7 + 0 . 0 5 e -
0 . 9 4 
0 . 9 0 
0 . 8 6 
D i f f u s i on C o e f f . 
u s i B g  n = l 
( cm..,,_ / s e c ) _ 6  
8 . 6 + 0 . 2 X l 0  � 
7 . 6+0 . 2X l 0 - b  
6 . s+o . 2 x 1 0 - � 
5 . 7_±0 . 2 X l 0 - 0 
Fun c t i o n 
8 . 5±0 . 3 X 1 0 � 
8 . 1 .±.0 . 3 X 1 0 � 
7 . 7 ±0 . 3 X 1 0 2 
7 . 5 ±0 . 3 X 1 0  
C u r r e n t  
Func t i o n 
8 . 0 .±.0 . 3 X 1 0 � 
7 . 5 ±0 . 3 X l 0 2 7 . 0 .±.0 . 3 X 1 0 2 6 . 5.±.0 . 3 X 1 0 
The s e  results  ind icate  wave reve r s ib il i t y  and s tab ility . The s e parat ion 
in peak potentials range d  f rom 74 t o  85 mV . The s e  value s are c ons idered 
border l ine b e tween a reve r s ible  and a quas i-revers ible  proce s s . A 
current func t ion b e tween 500  and 1 5 00 indicates  a one elec tron trans f e r  
3 ( e . g . current func t ion for  ferrocene was l . 3 3X l 0 ) . A two e l e c t ron 
t rans f e r  is  exp e c t ed to produce a current func t ion be tween 2 7 00-4 7 0 0 . 
The current func t ion for  the cathodic and anodic  peaks indicates  both are 
the result o f  one elec tron trans f ers . Conf irmat ion o f  a one e l e c t ron 
trans f e r  was ob t a ined with the po larographic dif fus ion c o e f f ic ient in 
e quat ion II- 1 1 .  Values f o r  the d i f fus ion c o e f f i c ients  were calculated  
wit h  n= l for  bo th waves . S ince the peak p o t ent ial s and current ratios  
ind icate  rever s ib i l i ty , th e  pro c e s s  r e s pons ib le for  the  f ir s t  wave i s  
cons idered a revers ible  one e l e c tron t rans f e r . 
Th� anodic and cathodic  peaks in the s e c ond wave obeyed d i f fus ion 
contro l . The peak po t en t ial s , half peak potent ial s , and hal f  wave 
po t ent ials wer e  cons tant . The current rat ios were  greater  than one , and 
increased as the s can rate  increas ed . The s e  resul t s  ind icate  
revers ib i lity with  an  uns table produc t .  The s eparat ion in peak 
p o t ent ials ranged  from 68  t o  7 5  mV , conf irming reve r s ib il i t y . The 
current func t ions fo r  the cathod ic and anodic peaks ind icated  b o th we re 
one e l e c t ron trans f e r s . Conf irma t ion o f  a one e l e c t ron trans f e r  was 
ob tained with the p olarographic d i f fus ion c o e f f i c ient in e quat ion I I - 1 1 .  
Values for  the d i ffus ion co ef f ic ient s were  calculat e d  with n= l for  b o th 
wave s .  The pro c e s s  is  cons idered a reve r s ib l e  one e l e c t ron trans f e r  with 
an uns tab le produc t ( e . g . EC me chanism) . The rate  a t  which the produc t 
underwent react ion was s low as  evidenced  by the proximity of  the current 
ratio t o  one and the reve r s ib i l ity  exhib i t e d  by the peak potent ials . [ 2 5 ] 
A s e r i e s  o f  s cans was used  t o  d e t e rmine pos s ib l e  change s  in currents  
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or p o t ent ials , Figure l l l-3 ( E ) . An ill-de f ined wave at  E = - 0 . 00 1  V p 
grew as the number o f  s c ans increas e d . All o ther waves r e t a ined the ir 
current and p o t ent ial value s . When the p o t e n t ial  was reve r s e d  at  - 1 . 00 V 
no wave appeared a t  -0 . 00 1  V .  The s e  ob s e rvat ions c onf irmed an uns tab l e  
redox produc t i n  t h e  s e c ond wave , and the produc t o f  the f o l l owing 
chemical react ion gave r i s e  to a wave at  -0 . 0 0 1  V. The shape of  the wave 
a t  -0 . 00 1  V ind icated  depo s i t ion o f  nicke l me tal  on the surface . [ 29 ] 
The current func t ions for  b o th waves  we r e  exp e c ted  to  b e  c l o s e . 
S ome d i f f erenc e s  were exp e c t e d  due t o  the p r e c i s ion of  me asur ing the peak 
current s .  The current func t ions , 6 9 0 for  the f ir s t  wave and 8 5 0  for  the 
s e c ond wave , wer e  no t as  c l o s e  as  expe c t e d . The s e  re sul t s  sugge s t  that 
the reactant is  weakly adsorbed  in the s e c ond wave . [ 3 6 ]  
The polarogram o f  [ Ni ( S-P) 2 ]
2+ produced two reduc t ion waves  
( F igur� lll-4 (A) ) .  The f ir s t  wave appeared reve r s ible . The s e c ond had a 
small  prewave and p o s twave . The r i s ing port ion of  the wave appeared 
reve r s ib l e . The data for  the f ir s t  and s e cond reduc t ions are in Tab l e s  
1 1 1 -3 and 1 1 1 - 4 , respe c t ively . 
The f ir s t  wave was d if f us ion controlled . A c ons tant half  wave 
p o t ent ial , Thome'{ c r i t e r ion , and the s lope  of  the E versus log  p l o t  
ind icate  that t h e  wave i s  reve r s ib l e . A current cons tant with value s 
that range from 2 t o  4 are  cons idered  t o  b e  one e l e c tron trans f e r s  ( e . g .  
ferrocene had a current cons t ant o f  3 . 5 ) . Values  that range f rom 4 . 5  t o  
8 a r e  cons idered two e l e c tron trans f er s . The value s o f  t h e  current 
cons t ant indicate  a one e l e c tron trans f e r . The d i f fus ion c o e f f ic ient s 
for  n= l were  calculat ed . 
The s e c ond wave was d i f fus ion controlled . A cons t ant half wave 
p o t ent ial , Thome! c r i t e r ion , and the s lope  o f  the E versus log  p l o t  
ind icate  that t h e  wave is r eve r s ib l e . The current c ons tant sugge s t s  a 
7 6 
F i gure I I I - 4  A ) P o l a r o g r am o f  [ N i ( S - P ) ] 2 +  2 
i n  0 . 1  M TEAP i n  ac e ton i t r i l e . 
B ) P o l a r o g r am o f  [ N i ( S - P ) ] 2 +  2 
i n  e x c e s s  S - P  i n  0 . 1 M TEAP 
in a c e t on i tr i l e . 
C ) P o l a r o g r am o f  [ N i ( S - P ) 2 ]
2 +  
i n  exc e s s  PPh 3 i n  0 . 1  M TEAP 
in ac e ton i t r i l e . 




- 0.70 E (V )  - 1.JO  
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h r = 6 0.7 c.-1 . 
__ 
A 
- 0.Ll 0 - 1.00 E (Vf l � O 
- 2.0 .S 
- 2 0 0  
T ab l e  I I I - 3 P o l a r o g r aph i c  d a t a  f o r  the 
f i r s t  r e duc t i o n  wave o f  
[ N i ( S - P ) 2 ] [ BF 4 J 2 i n  O . lM 
TEAP i n  a c e to n i tr i l e . 
7 8  
A 
Run ht ot a l ( cm ) tmax ( s e c
) 
1 7 2 . 3 6  + 0 . 0 7 4 . 3 2 + 0 . 0 6 3 . 4  + 0 . 1  
2 6 0 . 5 6 
3 5 0 . 7 1 
4 4 0 . 6 2 
- - - - -
Run h c o rr ( cm ) 
1 7 0 . 9  + 0 . 1  
2 5 9 . 1 
3 4 9 . 2  
4 3 9 . 1  
- - - - -
Run "'" Thome s 
C mV ) 
1 5 7  + 5 -
2 5 9  
3 5 6  
4 5 8  
- - - - -
Run C o ne . 
( mmo l e ) 




- - - - -
3 . 9 4 
3 . 6 1 
3 . 1 3 
- - - - -
- - - B 
[ h  ] 1 / 2  c o rfcm ) l / 2 
8 . 4 1 8  + 0 . 0 0 8  
7 . 6 8 6  
7 . 0 1 5  + 0 . 0 0 9  
6 . 2 5 5  
- - - - -
-
4 . 1 
5 . 1 
6 . 7  
l n  h c o r r 
4 . 2 6 1  + 0 . 0 0 1 
4 . 0 7 9  
3 . 8 9 6 
3 . 6 6 7 
- - - c - - -
S l o p e ( E  v s . l o g  p l o t ) 
C mV ) 
6 0 . +  5 
6 0  
6 0  
5 9  
m2 / 3 t l / 6 
( 2 / 3  - 1 / 2 ) mg s e c  
2 . 1 0 + 0 . 0 4 -
1 . 9 0 
1 .  7 1  
1 . 4 9 + 0 . 0 3 
D 
- - - - -
C u r r e nt 
C on s t ant / " ( A- s e c  � 
mg/mmo l e  
2 . 1 + 0 . 1  -
2 . 1 
2 . 2 
2 . 2 
- 0 . 6 3 6  + 0 . 0 0 5  
- 0 . 6 3 4  
- 0 . 6 3 4  
- 0 . 6 3 2  
l n  i l 
1 . 4 6 3  + 0 . 0 0 2  
1 . 3 7 1  
1 . 2 8 4 + 0 . 0 0 3  -
1 . 1 4 1  
- - - - -
E 1 1 0 { p l ot } ( V )  
c... C mV ) 
- 0 . 6 3 5  + 0 . 0 0 5  
- 0 . 6 .3 2  
- 0 . 6 3 3  
- 0 . 6 3 0 
D i f f u s i on 
C o e f f i c i e nt 
., 
( cm .c. / s e c ) 
- 6 7 . 4_±0 . 4 X 1 0 _ 6 
7 . 4_±0 . 4 X l 0 _ 6  
7 . 5 ±_0 . 4 X l 0 _ 6 7 . 3_±0 . 4 X 1 0  
T ab l e  I I I - 4 P o l a r o g r aph i c  d a t a  for the 
s e c ond reduc t i on wave o f  
[ N i ( S - P ) 2 ] [ BF 4 ] 2 i n  O . lM 
TEAP i n  a c e ton i t r i l e . 
7 9  
A 
Run ht ot a l ( cm ) trnax ( s e c ) 
1 7 2 . 3 6 + 0 . 0 7 4 . 5 8 + 0 . 0 6 3 . 1 + 0 . 1  
2 6 0 . 5 6 
3 5 0 . 7 1 
4 4 0 . 6 2 
- - - - -
Run h c o rr ( cm ) 
1 7 0 . 8  + 0 . 1  
2 5 9 . 0  
3 4 9 . 2  
4 3 9 . 1 
- - - - -
Run V' Thomes 
C rnV ) 
1 5 5  + 5 -
2 5 7  
3 5 7  
4 5 8  
- - - - -
Run Cone . 
( mmo l e ) 




- - - - -
4 . 2 8 
3 . 8 9 
3 . 4 8 
- - - - -
- - - B 
[ h  ] 1 / 2  corfcm ) l /2 
8 . 4 1 5  + 0 . 0 0 8  
7 . 6 8 2  
7 . 0 1 2  + 0 . 0 0 9 
6 . 2 5 1  
- - - - -
3 . 7 
4 . 6  
6 . 1 
l n  h corr 
4 . 2 6 0  + 0 . 0 0 1  
4 . 0 7 8  
3 . 8 9 5  
3 . 6 6 5  
- - - c - - -
S l o p e ( E vs . l o g  p l ot ) 
( mV )  
5 9  + 5 
5 7  
5 7  
5 7  
m 2 / 3 t 1 / 6 
( 2 / 3 - 1 / 2 ) mg s e c  
2 . 0 4 + 0 . 0 4 -
1 . 8 6 
1 .  6 7  
1 .  4 5  + 0 . 0 3 
D 
- - - - -
C u r r ent 
C on s t an1 1 2 ( A - s e c / 
mg/mmo l e  
2 . 3 + 0 . 1 
2 . 3 
2 . 4  
2 . 4  
E 1 1 2 { wave } ( V )  
- 1 . 2 2 6  + 0 . 0 0 5  
- 1 . 2 2 4  
- 1 . 2 2 6  
- 1 . 2 3 0  
l n  i l  
1 . 5 2 2  + 0 . 0 0 2  
1 . 4 5 4  
1 .  3 5 8  + 0 . 0 0 3  
1 . 2 4 7  
- - - - -
E 1 1 2 { p l ot } ( V ) ( mV )  
- 1 . 2 2 6  + 0 . 0 0 5  
- 1 . 2 2 3  
- 1 . 2 2 4  
- 1 . 2 2 7 
D i f f u s i o n 
C o e f f i c i e nt 
') 
( cm""  / s e c ) 
8 . 7±.0 . 4 X 1 0 =� 
9 . 0±.0 . 4 X � 0 _ 6 9 . 0_±0 . 4 X J.. 0 _ 6 9 . 2±.0 . 4 X 1 0  
one e l e c t ron t rans f e r . The d i f fus ion c o e f f icients  for  n e qual to  one 
were  calculat ed . The p o s twave was mainly an ab sorpt ion wave sugge s t ing 
tha t the reactant was adsorbed . [ 25 ]  The small  value of the l imit ing 
current indicated  that adsorpt ion was weak . 
Both vo l t amme try and po larography produce two ca thodic  wave s .  The 
ab sence of a wave f o r  the oxida t ion of S-P ind i c a t e s  that [ N i ( S-P ) 2 J
2+ 
does  no t d i s s o c ia t e  in s o lut ion . The f ir s t  reduc t ion wave appears at 
- 0 . 64±0 . 0 1  V ,  and the s e c ond at  - 1 . 23+0 . 0 l V .  Both  waves  are reve r s ib l e . 
The f ir s t  wave is  uncomp l icated  while  the s e c ond p o s s e s s e s  an uns tab l e  
produc t and a we akly adsorbed reactant . The redox charac t e r  is  
summariz ed in  S cheme I I I - 1 . 
S cheme I I I- 1  Mechanism o f  the reduc t ion o f  [ Ni ( S- P ) 2 ]
2+
. 
[ Ni ( S-P)  J 2+ + 2 e 
� e 
Ni ( s )  + 2 S-P ( s low) 
[ Ni ( S-P )  ] l+  
l 
2 
+ [ Ni ( S -P ) 2 J
1+ (weakly adsorb e d )  
B )  Voltamme try and po larography o f  [ N i ( S-P ) J 2+ i n  exc e s s  2 
S-P . 
The anodic  swe e p , Figure I I I -S (A) , o f  [ N i ( S-P ) 2 J
2+ in a f ive 
f o l d  exc e s s  of S-P produced two oxidat ion wave s .  The s e  waves  were  
charac t eris t ic o f  t h e  fr ee  l igand , Figure I I I- 1 . The cathodic  sweep , 
Figure I I I-S ( B ) , produc ed  two we ll d e f ined wave s .  The expans ions o f  the 
f ir s t  and s e c ond wave s are in Figur e s  I I I- S ( C )  and ( D )  r e s pe c t ive ly . 
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F i gure I I I - 5  Vo l t amrnog r ams o f  [ N i ( S - P ) 1 2 +  2 
i n  exce s s  S - P  i n  0 . 1  M TEAP 
in a c e t on i tr i l e . 
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They b o th have wave shape s  tha t ind icate  revers ib i l i ty . The vo ltamme t r i c  
d a t a  for  b o th waves a r e  i n  Tab le 1 1 1-5 . The conc entrat ion o f  c omp lex was 
lower in this analys i s  decreas ing the curren t s  from tho s e  in Tab l e s  1 1 1 - 1 
and 111-2 . The current func t ion corre c t s  for  var iat ions in 
concentrat ions . 
Both peaks in the f ir s t  wave are under  dif fus ion contro l . The peak 
p o t en t ials , hal f  peak p o t ent ials , and half wave po tent ials are all  
cons tant  (Tab l e  Ill-5 (A) ) .  The current r a t i o s  are near  one , and the 
s e parat ion in peak p o t ent ials  ranges  from 65  to  7 2 mV . The ha l f  wave 
p o t ent ial of the wave was -0 . 6 4+ . 0 l V .  The s e  resul t s  indicate  that the 
wave has no t changed in pos i t ion or  shape with exc e s s  l igand p r e s ent . 
Both peaks in the s e c ond wave are under dif fus ion contro l . The peak 
p o t ent ials , half peak p o t e n t ials , and hal f  wave p o t entials  are cons tant 
(Tab le I I I - 5 ( B ) ) .  The current rat ios  increase  wi th s c an rate . The hal f  
wave potent ial i s  - 1 . 1 2+0 . 0 l V .  Thes e  resul t s  indicate  that the wave 
changed  in pos i t ion but did no t change in shape . 
A s e r i e s  o f  scans , Figure I I I-5 ( E ) , showe d no change from that o f  a 
s ingle s c an . The curren t s  and p o t ent ials f o r  b o th wave s  rema ined 
cons tant , and the wave at -0 . 00 1  V d id no t appear . The exc e s s  ligand 
shi f t s  the e quilibr ium to such an extent that no nickel was depo s i ted on 
the e l e c t rode . 
The current func t ion for  b o th waves was 6 5 0+2 0 . Thi s  indicates  tha t 
b o th waves  are one e l e c t ron trans fers . In add i t ion , adsorpt ion o f  the 
reac tant in the s e c ond wave did no t occur in the presence of exc e s s  S-P 
l igand . 
The po larogram o f  [ N i ( S-P ) 2 ]
2+ in exc e s s  S-P produced  two wave s ,  
Figure II I- 4 ( B ) . Both waves we re d i f fus ion contro l l ed . The value o f  the 
current contr o l  s lope  for the s e c ond wave , 0 . 4 6�0 . 02 , indicates  small  
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T ab l e  I I I - 5  Vo l tamrne t r i c  d a t a  f o r  
both r e duc t i o n  wave s o f  
[ N i ( S - P ) 2 J [ BF 4 J 2 i n  0 . 1  M 
TEAP i n  a c e ton i tr i l e  i n  5 f o l d  
exce s s  o f  S - P . 
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( A ) 
S C AN RATE ( V /m i n ) 
i ( A ) 
i p , c � A )  
. P '  air. l. l. p , a p , c 
1 .  0 0  
1 0 . 8 9±0 . 0 6 
1 0 . 7 1 
0 . 9 8± 0 . 0 2 
2 . 0 0 5 . 0 0 
1 4 . 8 6±0 . 0 6 
1 4 . 6 2  
0 . 9 8± 0 . 0 2 
2 3 . 0 3 ±0 . 0 6 
2 2 . 3 9  
0 . 9 7±0 . 0 2 
CATHOD I C  PEAK 
E ( V )  
E p , c ( V ) 
- 0 . 6 7 5±0 . 0 0 5  
- 0 . 6 1 6  p/ 2 E 1 1 2 C V ) - 0 . 6 4 3  E
p , c -E p/ 2 ( mV ) 6 5± 5  
E ( V ) 
E p , a ( V ) 
- 0 . 6 1 0 ±0 . 0 0 5  
- 0 . 6 6 7 p / 2  E 1 1 2 C V ) - 0 . 6 4 0  Ep , a -
E p / 2 ( mV ) 5 7 ± 5  
E - E ( mV ) 6 5 + 5  p , a p , c -
- 0 . 6 7 5 ± 0 . 0 0 5  - 0 . 6 7 6±0 . 0 0 5  
- 0 . 6 1 6  - 0 . 6 1 7  
- 0 . 6 4 3  - 0 . 6 4 4  
6 5± 5  6 6± 5  
ANOD I C  PEAK 
- 0 . 6 1 0 ± 0 . 0 0 5  - 0 . 6 1 0 ±0 . 0 0 5  
- 0 . 6 6 9  - 0 . 6 6 9  
- 0 . 6 4 2  - 0 . 6 4 2  
5 9± 5  5 9± 5  
6 5 ± 5  6 6 ± 5  
( B )  
S CAN RATE ( V /m i n ) 
E ( V )  
1 .  0 0  
1 0 . 1 4 .± 0 . 0 6 
1 0 . 4 7 
1 . 0 3 .±0 . 0 2 
- 1 . 1 6  1 = 1) . 0 0 5 
E p , c ( V ) - 1 . 0 9 7  
Ei;� ( V )  - 1 . 1 2 4 
E - E  1 .., C mV )  6 4 ±. 5  p , c P c. 
E ( V )  - 1 . 0 9 1 .±0 . O O E1 
E P ' � ( V ) - 1 . 1 5 2  
Ei;2 c v )  - 1 . 1 2 s  
E p , a -E p / 2 C mV )  6 1 .± 5  
E - E  ( m V ' 7 0 + 5  p , a  p , c  , -
2 . 0 0 5 . 0 0 
1 3 . 8 3 .± 0 . 0 6 
1 4 . 7 1 
1 . 0 6±0 . 0 2 
CATHOD I C  PEAK 
- 1 . 1 6 3 .±0 . 0 0 5  
- 1 . 0 9 6  
- 1 . 1 2 3  
6 7.± 5  
ANCD I C  PEAK 
- 1 . 0 9 3.±0 . 0 0 5  
- 1 . 1 5 5  
- 1 . 1 2 8  
6 2± 5  
7 0 ± 5  
2 0 . 9 6.±0 . 0 6 
2 2 . 5 4  
1 . 0 8 .±0 . 0 2 
- 1 . 1 6 5 .±0 . 0 0 5  
- 1 . 0 9 6  
- 1 . 1 2 3  
6 9.± 5  
- 1 . 0 9 4.±0 . 0 0 5  
- 1 . 1 5 3  
- 1 . 1 2 6  
5 8±5  
1 0 . 0  
3 1 . 7 4±0 . 0 6 
3 0 . 7 6 
0 . 9 7±0 . 0 2 
- 0 . 6 7 9±0 . 0 0 5  
- 0 . 6 1 8 
- 0 . 6 4 5  
7 2± 5  
- 0 . 6 0 7.±0 . 0 0 5  
- 0 . 6 6 5  
- 0 . 6 3 8  
5 8± 5  
7 2± 5  
1 0 . 0  
2 8 . 4 5 .±0 . 0 6 
3 1 . 3 5  
1 . 1 0 ±0 . 0 2 
- 1 . 1 7 0 ::: 0 . 0 0 5  
- 1 . 0 9 5  
- 1 . 1 2 2  
7 5.± 5  
- 1 . 0 9 1 .±0 . 0 0 5  
- 1 . 1 4 8  
- 1 . 1 2 2  
5 3± 5 
7 9 .± 5  
kine t ic e f f e c t s . The f ir s t  wave pos s e s s e s  ideal reve r s ib l e  behavior .  
The s e c ond wave was reve r s ible , but the s lope o f  the E versus Log  
( i/ il- i )  plot  indicates  a kine t ic e f f e c t  on the  shape o f  the  wave . The 
current cons tant s , 2 . 4±0 . 2 ,  conf irm a one e l e c tron trans f e r  for  each 
wave . The half  wave p o t ent ials are  -0 . 6 3+0 . 0 l V and - 1 . 1 0+0 . 0 l V for  the 
f ir s t  and s e c ond wave s ,  r e s p e c t ively . 
The f ir s t  wave did  no t change in pos it ion or  shape . The s e c ond wave 
changed in pos i t ion . The hal f  wave p o t ent ial shi f t e d  1 2 0+1 0  mV po s i t ive . 
The s e  resul t s  conf irm tho s e  ob s e rved for  plat inum . 
C )  Vol t amme try and polarography o f  [ Ni ( S-P ) J 2+ in exc e s s  2 
P ( C 6H5 ) 3 . 
The anodic  swee p  o f  [ N i ( S-P ) 2 J
2+ in a f ive f o l d  exc e s s  o f  PPh3 
produc ed a s ingle oxidat ion wave charac t e r is t ic o f  f r e e  PPh3 • The 
cathodic swe e p , Figure I I I - 6 (A) , produce d  two de f ined wave s .  Expans ions 
of the f ir s t  wave and s e c ond waves  are in Figur e s  I I I- 6 ( C )  and ( B )  
r e s pe c t ively . The f ir s t  has a wave shap e charac t e r i s t ic o f  a revers ib l e  
coup l e . However , t h e  s e c ond wave po s s e s s e s  a cathodic peak that i s  n o t  
we l l-behaved . The voltamme tr ic  data for  both waves  are in Tab l e  I I I - 6 . 
The half wave po t ent ial o f  the f ir s t  wave is  -0 . 64+0 . 0 l V ,  Tab l e  
I I I-6 (A) . The wave pos s e s s e s  t h e  same pos i t ion , shape , and 
charac t e r i z a t ion as  was ob t ained without exc e s s  PPh3 . 
Both peaks in the s e c ond wave were  under  d i f fus ion c ontro l . The 
cathodic peak po tentials  moved  in a negat ive d i r e c t ion as  the scan rate  
increased  (Tab l e  I I I - 6 ( B ) ) .  At higher s c an rat e s  a new wave was formed 
at  - 1 . 2 4±0 . 0 1 V ( F igure I I I- 6 (D ) ) .  The d i f f e rence in the peak potentials  
and half  peak potentials  and the  the  s e parat ion in the  peak potent ials 
ind icate  a quas i-reve r s ible  proces s .  The hal f  wave p o t ent ial is  
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F i gure I I I - 6  Vo l t arnmog r ams o f  [ N i ( S - P )  ] 2 +  2 
i n  exce s s  PPh 3 i n  0 . 1 M TEAP 














































T ab l e  I I I - 6  Vo l t amme tr i c  d a t a  for 
both reduc t i o n  wave s o f  
[ N i ( S - P ) 2 ] [ BF 4 J 2 i n  0 . 1 M 
TEAP i n  a c e t o n i t r i l e i n  5 f o l d  
exce s s  o f  P P h 3 . 
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( A )  
SCAN RATE ( V /min ) 
i ( A )  
i p , c L A )  . p , a ;( l. I l. p , a p , c 
1 .  0 0  
1 5 . 8 5±0 . 0 6 
1 5 . 7 5 
0 . 9 9±0 . 0 2 
2 . 0 0 5 . 0 0 
2 1 . 1 1 ±0 . 0 6 
2 1 . 0 6  
0 . 9 9±0 . 0 2 
3 1 . 6 9±0 . 0 6 
3 1 . 1 0 
0 . 9 8 ±0 . 0 2 
1 0 . 0  
4 3 . 3 1 .±0 . 0 6 
4 2 . 1 3 
0 . 9 7±0 . 0 2 
CATHOD I C  PEAK 
E ( V )  
Ep , c ( V )  
- 0 . 6 7 3±0 . 0 0 5  
- 0 . 6 1 0  p/ 2 E 1 1 2 C V )  - 0 . 6 4 0  E - E  1 2 C mV )  6 3 .±5 p , c P 
E ( V )  
Ep , a ( V ) 
- 0 . 6 0 1.±0 . 0 0 5  
- 0 . 6 6 1  p/ 2 E 1 1 2 C V )  - 0 . 6 3 4  E - E  1 2 C mV )  6 0 ± 5  p , a P 
E - E  ( mV ) 7 2 + 5  p , a p , c · -
- 0 . 6 7 3.±0 . 0 0 5  - 0 . 6 7 3±0 . 0 0 5  - 0 . 6 7 5±0 . 0 0 5  
- 0 . 6 1 2  - 0 . 6 0 9  - 0 . 6 1 3  
- 0 . 6 4 1  - 0 . 6 3 9  - 0 . 6 4 2  
6 1 .± 5  6 4± 5  6 2 .± 5  
ANOD I C  PEAK 
- 0 . 6 0 0 .±0 . 0 0 5  - 0 . 5 9 9.±0 . 0 0 5  - 0 . 5 9 9±0 . 0 0 5  
- 0 . 6 6 0  - 0 . 6 6 1 - 0 . 6 6 1  
- 0 . 6 3 2  - 0 . 6 3 3  - 0 . 6 3 2  
6 0 ± 5  6 2 .± 5  6 2± 5  
7 3.± 5  7 4.±5 7 6± 5  
( B ) 
S CAN RATE ( V /m i n ) 
i ( A )  
i p , c ( A ) . p , a/ . l. l. 
p , a p , c 
1 .  0 0  
2 0 . 8 7.±0 . 0 6 
2 1 . 8 5  
1 . 0 5 .±0 . 0 2 
E ( V ) - 1 . 1 3 9.±0 . 0 0 5  
E p , c ( V ) - 1 . 0 5 7  �r�� ( V ) - 1 . 0 9 4  
� - E  ; � C mV )  8 2.± 5  p , c P .::. 
E - E  ( mV ) l O l + fi p , a p , c -
--=2 _,_. o.;:_o. 5 . o o 1 0 . 0  
2 5 . 3 9±0 . 0 6 
2 8 . 7 4 
1 . 1 2±0 . 0 2 
CATHOD I C  PEAK 
3 9 . 1 7.±0 . 0 6 
4 3 . 0 1 
1 . 1 0 .±0 . 0 2 
4 7 . 2 4.±0 . 0 6 
6 0 . 6 2 
1 . 2 8 .±0 . 0 2 
- 1 . 1 3 4 .±0 . 0 0 5  - 1 . 1 4 9.±0 . 0 0 5  - 1 . 1 4 5 .±0 . 0 0 5  
- 1 . 0 5 .3 
- 1 . 0 9 2  
8 1 .± 5  
ANOD I C  PEAK 
- 1 . 0 3 8 .±0 . 0 0 5  
- 1 . 1 1 4  
- 1 . 0 7 7  
7 6± 5  
9 6± 5  
- 1 . 0 5 6  - 1 . 0 5 6  
- 1 . 0 9 5  - 1 . 0 9 3  
9 3.± f: 8 9± 5  
- 1 . 0 4 2.±0 . 0 0 5  - 1 . 0 3 6±0 . 0 0 5  
- 1 . 1 1 4  - 1 . 1 1 1  
- 1 . 0 7 9  - 1 . 0 7 5  
7 2 ± 5  
1 0 9± 5  
- 1 . 08+0 . 0 2 V .  The s e  r esul t s  ind icate  that the wave changed in p o s i t ion 
and shape . 
The current func t ions are 6 4 0  and 840  for  the f ir s t  and s e c ond 
wave s ,  r e s pe c t ively . The s e  value s indicate  a one e l e c t ron trans f e r . In 
add i t ion , the reac tant in the s e c ond wave is  weakly adsorbed . 
The po laro gram o f  [ Ni ( S-P ) 2 ]
2+ 
in exc e s s  PPh3 produc ed  two 
waves , F igure I I I-4 ( C ) . Both waves we re  dif fus ion controlled . The 
current s at the shor ter  drop t ime s in the s e cond wave decrease  s l igh t ly 
in the current control  p l o t . The s lope o f  this port ion o f  the plot  is  
l e s s  than 0 . 5 0 .  The s e  r esul t s  indicate  kine t ic e f f e c t s . [ 2 6 ] 
The f ir s t  wave has a half  wave p o t ential  o f  - 0 . 6 3±0 . 0 l V ,  and the 
second , - 1 . 08± . 0 1  V.  Both waves yie lded measurements  that indicated  
rever s ib i l ity . 
D )  S ummary o f  e l e c trochemical  behavior . 
As long as a e l e c t ron trans f e r  i s  rever s ible , the shif t in half wave 
po t ent ial o f  a following chemical  react ion i s  
( 0 . 0 5 8 / n ) Log ( l  · + µ k/m ) r 1 1 1 - 1 
where  E 1 1 1 2  is  the half wave p o t ential  ob served , E 1 1 2 is  the half  
wave p o t ent ial o f  th e  kine t ically unper turbed  react ion , µ is  the  reac t ion 
layer thickne s s , m is  the mas s  trans fer  coef f ic ient , and k is  the rate  r 
c ons tant f o r  the decomp o s i t ion o f  the reduc ed  s p e c i e s . When k i s  small  
E ' 1 ; 2=E 1 1 2 . When k is  large , equa t ion 1 1 1 - 1 holds , and the  half  wave 
p o t ent ial shif t s  po s i t ive . [ 2 5 ] 
In b o th po larography and vo l t amme try add it ion o f  a sub s trate  
produced no  change in  the  f ir s t  reduc t ion wave whi l e  the  second reduc t ion 
wave shi f t e d  in a po s i t ive d ire c t ion . Thus the int eract ion b e tween the 
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comp lex and the sub s t r ate  occurred only a f t e r  the comp lex had been 
reduced  to  its  zerovalent oxidat ion s ta t e . I t  is  b e l ieved that  the  
sub s trate  d i s p laces  a me tal  l igand bond and in  s o  do ing opens  the  f ive 
membered r ing . The reac t ion pos s ib il i t i e s  are summar i z e d  in Figure 
I I I - 7 . The entropy o f  the s e  reac t ions is  exp e c t ed to  b e  nega t ive . 
Therefore , the dr iv ing force  is  s t ab i l i z a t ion o f  the produc t . Produc t A 
is  no t exp e c t e d  t o  o ccur s ince no s t ab i l ity has been  introduced . 
Produc t s  B and C are l e f t  as the only pos s ib l e  produc t s . 
The addi t ion of  S-P shif ted  the po tent ial 1 1 0 mV po s it ive . The 
react ion mus t  be fas t due to the shi f t  ob s e rved in the wave . The 
add i tion of PPh3 shif t e d  the po t ent ial 1 4 0  mV po s i t ive . According to 
e qua t ion I I I- 1 ,  the reac t ion b e twe en the comp lex and PPh3 has a larger 
rate  cons tant  than with S-P . The s e  r e s u l t s  ind i c a t e  that the pho sphine 
is the donor atom mo s t  l ike ly to provide s t ab i l i z a t ion in the produc t . 
The l igand i s  exp e c t e d  t o  reac t at  the me t a l  s u l f ur coordina t ion 
s i t e . [ 44 ] On the bas is  of  the s e  results , B in Figure I I I - 7  is exp e c t e d  
t o  b e  t h e  produc t o f  t h e  EC mechanism . 
P olarography produced  a �eve r s ib l e  s e cond wave in b o th S-P and 
PPh3 . The reve r s e  of the S-P and PPh3 react ion with the z erovalent 
comp lex ( e . g . lo s s  o f  the sub s tr a t e s  S-P or PPh3 ) appeared reve r s ib l e  
and fas t . At f a s t e r  s c an rat e s  the react ion with S - P  remained rever-
s ib l e , but  the react ion with PPh3 became quas i-rever s ib l e . This  
indicated  that th e  l o s s  of  PPh3 was s lower than the  loss  of  S-P . 
3 . ELECTROCHEMICAL BEHAVIOR OF [ Co ( S -P ) 2 ( CH3CN ) ]
2+ . 
A) Voltamme try and p o larography o f  [ Co ( S-P ) 2 ( cH3 CN ) ]
2+ 
The cathodic and anodic sweep y ie lded  three  wave s ,  F igure I I I- 8 (A) . 
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F igure I I I - 7  P o s s ib l e  fo l l owing chemi c a l  
r e a c t i o n s  a f ter the s e c ond 
reduc t i o n  of [ N i ( S - P ) ) 2 + 2 
8 9  
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F igure I I I - 8  Vo l t ammo g r am s  o f  
[ C o ( S - P ) 2 ( c H 3 CN ) ]
2 +  
i n  0 . 1 M TEAP i n  a c e t o n i t r i l e . 
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The expans ion o f  the f ir s t  oxida t ion ,  the f ir s t  reduc t ion , and the s e c ond 
reduc t ion are in Figur e s  1 1 1 - 8  ( E ) , ( C ) , and ( B ) , respec t ively . The 
current p o t ential  data for  the f ir s t  reduc t ion wave , the s e c ond reduc t ion 
wave , and the f ir s t  oxidat ion wave are in Tab les  1 1 1 - 7 , 1 1 1 - 8 , and 1 1 1-9  
r e s pe c t ively . 
The analy s i s  o f  the s e  waves was accompl ished in the same manner as  
with the nicke l  complex . The f ir s t  reduc t ion wave is  a reve r s ib l e  
d i ffus ion controlled  one elec tron trans f e r . The s e c ond reduc t ion wave is  
an  irrever s ib l e  diffus ion controlled  one  e l e c tron trans f er . The oxid­
at ion wave is  a quas i-reve r s ible  diffus ion cont r o l l e d  one e l e c tron 
trans f er . A smal l  wave was ob s e rved a t  - 1 . 04+ 0 . 0 1 V .  
The redox b ehavior o f  this sys t em i s  mo re  complex . In s imilar 
comp lexes the s e cond reduc t ion wave has been gove rned by an EC me ch­
anism . I t  was s ugge s te d  that a r eve r s ib l e  l o s s  of  ace t oni t r i l e  
o c curred . [ 1 6 , 1 8 ]  Expans ion o f  t h e  s econd wave at  1 0 . 0  V / min is  i n  Figure 
I I I-8 ( D ) . The reduc t ion o f  the anodic  curren t is  cons i s t ent with the 
exp e c t e d  results  for  a EC me chani sm where  C is  reve r s ib l e . [ 3 6 ] Th is  
sugge s t s  that [ Co ( S-P ) 2 ( CH3 CN ) ]
2+ revers ib ly los e s  an  ace t on i t r i l e  
upon reduc t ion t o  t h e  z e r ovalent oxidat ion s t a t e . 
Repeated  s c ans , F igure III-8 ( F ) , produc e d  a new wave at  -0 . 08+ . 0 2 
V .  The current o f  this  wave increased  as  the scan rate  increas e d . The s e  
results  sugge s t  that t h i s  wave ar i s e s  f rom t h e  depo s i t  o f  t h e  cobalt  
me tal on the  e l e c trode  sur fac e . The anodic  peak was a s s igned t o  the 
s e c ond reduc t ion . 
The po larogram o f  [ Co ( S-P ) 2 ( cH3 CN) ]
2+
, Figure 1 1 1- 9  (A) , 
produc ed  f our waves .  A third reduc t ion wave at  - 2 . 4 5+ . 0 l V was ob s e rved 
on mercury that was no t ob s e rved on plat inum . The wave is  a r eve r s ib l e  
dif fus ion controlled  o n e  elec tron t rans f e r . T h e  s e cond wave is  
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T ab l e  I I I - 7  Vo l t ammetr i c  d a t a  for the 
f i r s t  reduc t i o n  wave o f  
[ Co ( S - P ) 2 ( C H 3 CN ) ] [ BF 4 ] 2 
i n  0 . 1 M TEAP i n  a c e ton i tr i l e . 
9 2 
i ( A )  
i p , c Y°' A ) . p , al� l. 1. p , a p , c 
1 .  0 0  
1 6 . 5 4±0 . 0 6 
1 6 . 4 9 
1 . 0 0±0 . 0 2 
( A )  
S C AN RATE ( V/m i n ) 
2 . 0 0  5 . 0 0  
2 3 . 4 1±0 . 0 6 
2 3 . 1 3  
0 . 9 9±0 . 0 2 
CATHOD I C  PEAK 
3 5 . 6 3±0 . 0 6 
3 5 . 7 3 
1 . 0 0±0 . 0 2 
1 0 . 0  
5 0 . 0 0 ± 0 . 0 6 
5 0 . 0 0 
1 .  0 0±0 . 0 2  
E ( V )  
Ep , c ( V )  
- 0 . 8 8 4±0 . 0 0 5  - 0 . 8 8 1 ±0 . 0 0 5  - 0 . 8 8 0 ±0 . 0 0 5  - 0 . 8 7 9±0 . 0 0 5  
- 0 . 8 2 1  
p / 2 E 1 1 2 C V ) - 0 . 8 4 8  E - E  
; z
C mV )  6 5± 5  p , c P 
- 0 . 8 1 9  - 0 . 8 1 8  - 0 . 8 1 7 
- 0 . 8 4 6  - 0 . 8 4 5  - 0 . 8 4 4  
6 0± 5  6 2±5 6 1± 5  
ANOD I C  PEAK 
E ( V )  
E p , a ( V ) 
- 0 . 8 1 6±0 . 0 0 5  - 0 . 8 2 1±0 . 0 0 5  - 0 . 8 1 8±0 . 0 0 5  - 0 . 8 1 8±0 . 0 0 5  
- 0 . 8 7 4  
p / 2  E 1 1 2 C V )  . - 0 . 84 7 E -E 
1 2
c mV ) 5 8 ± 5 p , a P 
E -E ( mV ) 6 5 + 5  p , a p , c 
-
- 0 . 8 7 7  - 0 . 8 7 4  - 0 . 8 7 3  
- 0 . 8 5 0  - 0 . 8 4 7  - 0 . 8 4 6  
5 6±5 5 6±5 5 5± 5  
6 0±5 6 2±5 6 1± 5  
( B ) 
CATHOD I C  PEAK 
Numb e r  o f  e l e c t r o n s  
u s i n g  po l arogr aph i c 
D i f  f .  C o e f f . ( D )  . 
0 . 9 8 + 0 . 0 5 e -
D i f f u s i o n  C o e f f . C ur re nt 
S c an Rate 
1 .  0 0  V /min 
2 . 0 0 
5 . 0 0  
1 0 . 0  
S c an Rat e 
1 .  0 0  V /min 
2 . 0 0 
5 . 0 0  
1 0 . 0  
0 . 9 8 
0 . 9 5 
0 . 9 5 
u s i :qg n = l 
( cmi:./sec ) _ 6 
5 . 9±0 . 2X l 0 _ 6 
5 . 8±0 . 2X l 0 _ 6 
5 . 4±0 . 2 X l 0 _ 6 5 . 3±0 . 2X 1 0  
ANOD I C  PEAK 
Numb e r  o f  e l e c t r o n s  
u s ing po l a ro graph i c  
D i f f . C o e f f . ( D ) . 
0 . 9 8 + 0 . 0 5 e -
0 . 9 7 
0 . 9 6 
0 . 9 5 
D i f f u s i on C o e f f .  
u s i2g n = l 
( cm- / s e c ) _ 6 
5 . 8.±.0 . 2X l 0 _ 6 
5 . 7±0 . 2X 1 0 _ 6 
5 . 4±0 . 2X l 0 _ 6 
5 . 3±0 . 2X 1 0  
Funct i on 
6 . 6±0 . 3 X 1 0 � 
6 . 5±0 . 3 X l 0 � 
6 . 3±0 . 3X 1 0 2 6 . 3±0 . 3 X 1 0  
Current 
Funct ion 
2 6 . 5±0 . 3 X l 0 2 6 . 5±0 . 3 X 1 0 ?  
6 . 3.±.0 . 3 X 1 0 2 
6 . 3.±.0 . 3 X 1 0  
Tab l e  I I I - 8  Vo l t amme t r i c  d a t a  for the 
s e c ond reduc t i o n  wave o f  
[ C o ( S - P ) 2 ( C H 3 CN ) ] [ BF 4 1 2 
i n  0 . 1 M TEAP i n  ac e to n i t r i l e . 
9 3 
i ( A )  
i p , c /44 A )  . p , a/� l. l. 
p , a p , c 
1 .  0 0  
1 6 . 5 4±0 . 0 6 
1 5 . 3 5  
0 . 9 3±0 . 0 2 
( A )  
S C AN RATE ( V/m i n ) 
2 . 0 0 5 . 0 0 
2 1 . 9 5±0 . 0 6 
1 6 . 6 3  
0 . 7 5±0 . 0 2 
CATHOD I C  PEAK 
3 3 . 0 7±0 . 0 6 
1 7 . 1 3 
0 . 5 2±0 . 0 2 
1 0 . 0  
4 6 . 9 5±0 . 0 6 
1 6 . 5 4 
0 . 3 5±0 . 0 2 
E ( V )  
E p , c ( V ) 
- 1 . 7 4 4±0 . 0 0 5  - 1 . 7 4 4±0 . 0 0 5  - 1 . 7 5 2.±.0 . 0 0 5  - 1 . 7 6 2.±.0 . 0 0 5  
- 1 . 6 8 3  p / 2 E 1 1 2 C V )  - 1 . 7 1 0  E - E  
; z
< mV ) 6 1.±.5 p , c P 
- 1 . 6 8 7  
- 1 . 7 1 4  
5 7.±. 5  
ANOD I C  
- 1 . 6 9 3  - 1 . 7 0 0 
- 1 . 7 2 0  - 1 . 7 2 7  
5 9.±. 5  6 2.±. 5  
PEAK 
E ( V )  
Ep , a ( V ) 
- 1 . 6 1 0 ±0 . 0 0 5  - 1 . 5 7 5.±.0 . 0 0 5  - 1 . 4 9 5.±.0 . 0 0 5  - 1 . 5 7 2.±.0 . 0 0 5 
E P / 2 ( V )  
- 1 . 7 1 7  - 1 . 7 2 0  - 1 . 7 2 5  - 1 . 7 3 8  
E 1 1 2 -E ( V ) p , a p / 2  m 1 0 7.±. 5  
E - E  ( mV )  1 3 4 + 5  p , a p , c 
-
1 4 5.±. 5  2 3 0 ±5 1 6  6.±.5 
1 6 9±5 2 5 7.±.5 1 9 0 ± 5  
( B ) 
CATHOD I C  PEAK 
S c an Rate 
1 .  00 V /m i n  
2 . 0 0 
5 . 0 0 
1 0 . 0  
Numb e r  o f  e l e c t r o n s  
u s i n g  po l a rogr aph i c 
D i f  f .  C o e f f . ( D )  . 
1 . 0 1 + 0 . 0 5 e -
0 . 9 7 
0 . 9 4 
0 . 9 4 
D i f f u s i o n  C o e f f . Cur rent 
u s i � g  n = l Fun ct i on 
( cm.fu< / s e c ) _ 6 5 . 8±0 . 2X l 0 _ 6 5 . l + 0 . 2 X 1 0  
4 . 1+0 . 2x 1 0 - 6 
4 . 7:±0 . 2X 1 0 - 6  
6 . 5.±.0 . 3 X 1 0 �  
6 . 1 _±0 . 3X 1 0 �  
5 . 8_±0 . 3 X 1 0 � 
5 . 9_±0 . 3X 1 0  
ANOD I C  PEAK 
Numb e r  of e l e c t ron s 
u s i n g  po l arograph i c  
�Sc�a=n�R=.a�t�e D i f f . C o e f f . ( D ) . 
1 . 0 0 V /m i n  0 . 9 6 + 0 . 0 5 e -
2 . 0 0 0 . 8 0 
5 . 0 0 0 . 6 0 
1 0 . 0  0 . 4 7 
D i f f u s i on C o e f f . C u r rent 
u s i �g n = l Func t i o n  
( crrf< / s e c ) 
5 . 0 + 0 . 2X 1 0 - S  
2 . 9+0 . 2 x 1 0 - 6 
l . 3:±0 . 2X 1 0 = � 
0 . 6_±0 . 2X 1 0  
r') 
6 . 1.±.0 . 3 X 1 0 2 
4 .  7.±.0 . 3 X 1 0 ,.., 
3 . 0 ±0 . 3 X 1 0 � 
2 . 1 ±0 . 3 X 1 0 <.. 
T a b l e  I I I - 9  Vo l t amme t r i c  d a t a  f o r  the 
o x i d a t i o n  wave o f  
i n  0 . 1 M TEAP i n  a c e t o n i t r i l e . 
9 4 
i ( A )  
ip , a � A ) . p , c � 1 /i  p , c p , a 
1 .  0 0  
1 5 . 0 1±0 . 0 6 
1 5 . 0 6  
1 .  0 0±0 . 0 2  
( A )  
S C AN RATE ( V/m i n ) 
2 . 0 0 5 . 0 0  
2 0 . 5 7±0 . 0 6 
2 1 . 8 0  
1 .  0 6±0 . 0 2  
ANOD I C  PEAK 
3 0 . 4 1 ±0 . 0 6  
3 3 . 2 7 
1 .  0 9±0 . 0 2  
1 0 . 0  
4 0 . 6 5±0 . 0 6 
4 5 . 3 7  
1 .  1 2±0 . 0 2  
E ( V ) 0 . 2 6 3±0 . 0 0 5  
E�i� ( V )  0 . 1 9 4  0 . 2 6 2±0 . 0 0 5  0 . 1 9 2  0 . 2 6 7±0 . 0 0 5  0 . 1 9 6  0 . 2 7 5±0 . 0 0 5  0 . 1 9 7  
E 1 1 2 ( V ) 0 . 2 2 1  E - E  1 2 c mV )  6 9± 5  p , a P 
0 . 2 1 9  
7 0± 5  
CATHOD I C  PEAK 
0 . 2 2 3  0 . 2 2 4  
7 1±5 7 8± 5  
0 . 1 7 3±0 . 0 0 5  
0 . 2 4 2  
0 . 1 7 0 ±0 . 0 0 5  
0 . 2 3 9  
0 . 1 6 3±0 . 0 0 5  
0 . 2 3 6  
0 . 2 1 5  0 . 2 1 2  
E -E ( mV ) 9 1 + 5  p , a p , c -
6 9± 5  
9 2±5 
6 9± 5  
9 7±5 
( B )  
ANOD I C  PEAK 
Numb e r  of e l e c t r o n s  
u s i n g  po l ar o g raph i c 
=S-"'-ca=n=--=R=a"'"""t'--"-e D i  f f . C o e  f f . ( D ) . 
1 . 0 0 V /m i n  1 . 2 9 + 0 . 0 5 e -
2 . 0 0 1 . 2 7 
5 . 0 0 1 . 2 1 
1 0 . 0 1 .  1 7  
D i f f u s i o n  C o e f f . 
u s i 2 g n = l 
( cm- / s e c ) _ 6 4 . 8±0 . 2X l 0 _ 6 4 . 5 + 0 . 2X 1 0  
3 . 9+0 . 2 x 1 0 - 6 
3 . 5:±0 . 2x 1 0 - 6 
C ATHOD I C  PEAK 
Numb e r  o f e l e ct r o n s  
u s i n g  po l arograph i c  
S c an Rate D i f f . C o e f f . ( D ) . 
1 . 0 0  V /min 1 . 3 0 + 0 . 0 5 e -
2 . 0 0 .  · i . 3 2 
5 . 0 0 1 . 2 9 
1 0 . 0  1 . 2 6 
D i f f u s i on C o e f f . 
u s i B g  n = l 
( cnr / s e c ) 
4 . 8±0 . 2X 1 0 = � 
5 . 0 ±0 . 2X l 0 _ 6 4 . 7±0 . 2 X l 0 _ 6 4 . 4±0 . 2 X 1 0  
0 . 2 0 9  
7 3± 5  
1 1 2± 5  
C urr e nt 
Fun ct i on 
2 5 . 9±0 . 3 X 1 0 ,.,  
5 . 8 ±0 . 3 X l 0 �  
5 . 4 ±0 . 3 X 1 0 �  
5 . l ±0 . 3 X 1 0 '-'  
C u r r ent 
Funct i o n  
') 
4 . 8±0 . 3 X 1 0 2 
5 . l ±0 . 3 X l 0 0  
4 . 7.±,0 . 3 X 1 0 2 
4 . 4±0 . 3 X 1 0 
F igure I I I - 9  A )  P o l a r o g r am o f  
[ Co ( S - P ) 2 ( cH 3 CN ) ]
2 + 
i n  0 . 1  M TEAP i n  a c e ton i tr i l e . 
B ) P o l arograrn o f  
[ Co ( S - P ) 2 ( cH 3 CN ) ]
2 + 
i n  exce s s  S - P  i n  0 . 1  M TEAP 
in a c e t o n i tr i l e . 
9 5  
0.00 
A 
I h T  = 7 0.7 U1 · i L1 � A 
- 0.9 0  E V -1.6 0 
_8_ 
; I hT = 6 1 .7 C M  i L1 �A 1 
- Q50 - lJ O - 1 ]0 - 2.JO �2.90 
. E(V ) 
- 2.80 
rever s ib l e  on mercury wher e  it  is  no t reve r s ib l e  on plat inum ( e . g . f a s t er 
scan rates ) . The other two waves  have the s ame charac t e r is t ic s  on 
mer cury as  they do on plat inum . 
B )  Voltamme try and po larography o f  [ Co ( S-P) 2 ( cH3 CN) ] 
2+ 
in exc e s s  S-P . 
The voltammo gram o f  [ Co ( S-P) 2 ( CH3 CN ) ]
2+ in exce s s  S-P , Figure 
I I I - l O (A) , yielded thre e  wave s . The expans ions of the f ir s t  reduc t ion , 
the s e c ond reduc t ion , and the oxidat ion waves  are in Figure I I I - 1 0  ( C ) , 
( B ) , and ( E ) , r e s pe c t ively . The small  wave at  - 1 . 04+0 . 0 l V was no t 
ob s e rved . This  sugge s t s  that a sma l l  amount of  cobal t complex l o s e s  a 
l igand in ace tonitrile . With exc e s s  S-P p r e s ent this l o s s  does  no t 
occur . 
The po s i t ion and charac ter is t ic s  o f  the f ir s t  r educ t ion wave and the 
oxidat ion wave r emained the same . However , the s e c ond r e duct ion wave 
shif t e d  40  mV po s i t ive . The shape o f  the wave remained the same at  s l ow 
and f a s t  rates  ( F igur e s  I I I- l O { B )  and ( D ) ) as  was ob s e rved in Figure 
I I I-9 . Thi s  sugge s t s  that an addi t ional following chemical react ion is 
occurring . Thus , the me chanism is  ECC for the s e cond r e duc t ion wave . As 
in the case  with the nickel me tal , it  is  b e l ieved that S-P reac t s  with 
the comp lex to open the f ive membered  r ing . The potential shift  is  much 
l e s s  dramat ic with cobalt  than with nicke l ,  indicat ing a smaller  rate  
cons tant . 
A numbe r  o f  s c ans are shown in Figure I I I- 1 0  ( F ) . The wave at  
-0 . 08+ . 0 2  V is  no t ob s e rved . As with the  nicke l complex the  pre s ence o f  
exc e s s  l igand l imit s  the format ion o f  cobalt me tal  o n  the e l e c trode 
sur f ac e . The current s and potent ials  o f  the waves  r emained cons tant over 
f our sweep s . 
9 6  
F igure I I I - 1 0  Vo l t ammog r ams o f  
[ Co ( S - P ) 2 ( c H 3 CN ) ]
2 +  
i n  exce s s  S - P  i n  0 . 1  M TEAP 
in a c e ton i t r i l e . 
9 7  
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The polaro gram o f  [ Co ( S-P ) 2 ( CH3CN) ]
2+ 
in exc e s s  S-P , Figure 
I I I-9 ( B ) , yielded three  waves . The oxidat ion wave was masked by the 
oxidat ion o f  the l igand . The charac t e r i s t i c s  o f  the three  reduc t ion 
waves  remained the s ame as tho s e  in the ab s ence o f  exc e s s  S-P . Only the 
po s i t ion of  the s e c ond wave was shif ted  30 mV po s i t ive . The r e s u l t s  on 
mercury support tho s e  ob s e rved on p l a t inum . 
B)  Vol t amme try o f  [ Co ( S-P) 2 ( cH3 CN) ]
2+ 
in exc e s s  
PPh3 • 
The voltammogram , F igure I I I- l l (A) , produced  thr e e  wave s .  The 
expans ions of the f ir s t  reduc t ion , the s e cond reduc t ion , and the 
oxidat ion waves are in Figure I I I- 1 1  ( B ) , ( C ) , and ( D ) , r e s pe c t ively . 
The reduc t ion and oxidat ion wav e s  pos se s s ed the s ame charac t e r i s t i c s  and 
po s i t ion as tho s e  without exce s s  PPh3 . The s e cond reduc t ion wave 
shif ted  po s i t ion 80 mV po s it ive , and had a doub l e  peak . Thus , the rate  
cons tant was larger in the  react ion with PPh3 than with S-P in both 
the cobalt and the nicke l  c omplexe s . At a f a s t e r  s c an rat e , the current 
in the more  negat ive peak increased  while  the current for the pos i t ive 
peak decreased as  shown in Figur e I I I- l l ( E) . Al though the r e lat ionships 
o f  the peak current , po tential s , and s c an rate  are c omp lex , a s imp l i f ied 
analy s i s  of  thes e  results  sugge s t s  the reac t ion with PPh3 was 
quas i-rever s ible . [ 2 5 , 2 6 ]  The s e  r e s u l t s  are cons i s t ent with tho s e  found 
for the nicke l complex . 
4 .  ELECTROCHEMICAL BEHAVIOR OF [ Fe ( S-P) 2 ( cH3 CN ) 2 ]
2+
. 
The vol t ammogram o f  [ Fe ( S-P) 2 ( cH3CN) 2 . 5 J
2+
, Figure 
I I I - 1 2 (A) , produc ed  two reduct ion waves  and an oxidat ion wave . The 
9 8  
F i gure I I I - 1 1  Vo l t arnmog r ams o f  
[ Co ( S - P ) 2 ( c H 3 CN ) ]
2 + 
i n  exc e s s  PPh 3 i n  0 . 1  M TEAP 
in a c e t o n i t r i l e . 
9 9  
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oxidat ion wave occurred at  1 . 04± . 02  V and was qua s i-reve r s ib l e . Reversal  
t echniques  indicated tha t ther e  were  two reduct ion waves  at - 1 . 5 6+0 . 0 2 V 
and - 1 . 9 4+0 . 02 V .  The f ir s t  wave was quas i-rever s ib l e  when the s c an was 
i s o lated  on that wave . When the s c an inc luded the wave at - 1 . 9 4 V the 
wave became irrever s ib l e . The anodic peak at  - 0 . 4 1+ . 02 V was a s s i gned t o  
the cathodic peak at - 1 . 9 4 V .  
Expans ion o f  the reduc t ion wave i s  in Figure I I I- 1 2 ( B ) . The s e c ond 
sweep  of  this wave is in Figure I I I- 1 2 ( C ) . The s e cond sweep  r e s o lved the 
original peak into two peaks . Thi s  behavior is the result  o f  the enr ich­
ment of the react ion produc t at the e l e c trode surface . [ 4 6 ] Thi s  is  
charac teris t ic o f  an  ECE  me chanism .  
A number  o f  sweeps , Figure I I I - 1 2 (D) , produce d  a complex voltammo­
gram .  Ther e  we re two new peaks , 0 . 04+0 . 02 and - 0 . S+O . l V .  In addit ion , 
the potent i'als  and current s wer e  no t cons t ant . 
The s e  results  conf irm the fact  that the proce s s  is  comp l icated . 
S imilar iron comp lexes have yielded s imilar redox b ehavior . [ 4 7 ] 
C ompar ison o f  the s e  r e s u l t s  yielded a propo s e d  mechanism , S cheme I I I - 2 . 
I t  is  b e l ieved the f ir s t  reduc t ion wave is an EC mechanism with the l o s s  
o f  ace tonitrile . The s e cond r educ t ion wave is  an EC mechanism with p i  
coordinat ion o f  the ace tonitrile . The anodic p e ak at  -0 . 4  V is  the 
oxidat ion o f  the pi coordinated  ace toni trile  iron comp lex . 
The complex na ture of  the e le c t r o chemical analy s i s  l imited  the 
amount of informat ion that was to be gained from the c ompound . Only 
ide t if icat ion of the waves was addre s s ed . Addit ion of exc e s s  S-P and 
PPh3 only reproduc ed the origional wave s .  
1 0 1  
S cheme I I I - 2  Proposed  me chanism o f  the reduc t ion of  
2+  [ Fe ( S-P ) 2 ( cH3 CN ) 2 ] . 
l 
1 
1 0 2  
SECTION IV 
CONCLUSIONS  
The redox behavior o f  [ N i ( S-P) 2 J
2+ , [ Co ( S-P) 2 ( cH3 CN) ]
2+ , and 
[ Fe ( S-P) 2 (cH3 CN ) 2 J
2+ 
has been inve s t igated . The nicke l comp lex proved to  
be  a we l l  behaved comp lex . Thus , the e l e c t rochemical behavior o f  the 
nicke l  compound was analy z e d  in detail . 
The nicke l ( I I )  comp lex yielded two one e l e c tron reduc t ions to  
nickel ( O ) . The l igand , S-P , e l e c trochemically s tab i l i z e d  the  nicke l ( I I ) , 
nicke l ( I ) , and nicke l ( O )  oxidat ion s ta t e s  o f  the complex . An oxidat ion 
o f  nicke l ( I I )  to nicke l ( I I I )  was observed , but was no t analy z e d  due to 
i t s  proximity to the dis charge current . The two one e l e c t ron reduc t ion 
s t ep s  were  rever s ible . 
The cobalt ( I I )  comp lex yielded  thr e e  one e l e c t ron reduct ions and a 
one e l e c tron oxidat ion . The coba lt ( I I I ) , cobalt ( I I ) , cobalt ( I ) , and 
cobal t ( - 1 )  complexes we r e  e l e c tro chemically s t ab l e . However ,  only the 
reduc t ion of cobal t ( I I )  to cobalt ( I )  and the cobal t ( O )  to cobal t ( - 1 )  were  
reve r s ib l e . The r educ t ion o f  cobal t ( I )  to cobalt ( O )  f o l l owed an  EC  
mechanism . 
The iron ( I I )  complex yielded two one e l e c t ron reduc t ions and a one 
e l e c t ron oxidat ion . Only the iron ( I I I )  and iron ( I I )  comp lexe s were  
e l e c trochemically s tab le . The oxidat ion was quas i-rever s ib l e  while both 
reduc t ions were irrever s ib l e . The f ir s t  and s e c ond reduc t ions wer e  
b e lieved to  follow a n  E C  me chanism . 
The half wave p otent ials  f o r  all  three  comp lexes are summar ized  in 
Tab l e  IV- 1 . The nicke l ( I I )  comp lex was the eas i e s t  to reduce while  the 
iron ( I I )  complex was the mo s t  d i f f icult . The cobal t ( I I )  comp lex was the 
eas i e s t  to  oxidiz e while  the nicke l ( I I )  was the mos t  d i f f icult . The half 
wave potent ials o f  s imilar compounds appears  in Tab le IV- 1 .  The s e  
1 0 3  
T ab l e  IV- 1 S ummary o f  ha l f  wave p o t e n t i a l s  
ve r s u s  f e r r o c ene o f  n i c k e l ( I I ) , 
c ob a l t ( I I ) , and i ron ( I I )  
c omp lexe s .  
1 0 4 
E 1 1 2 value s ve r s u s  f e r r o c e n e .
a 
Comp l e x  1 1 £'.'.'. I l I  � V �  I l £'.'. I  � v i  l /O ( V )  0 / - 1 ( V )  
[ N i ( S - P ) 2 ]
2 + 1 . 2 7.±0 . 0 5 - 0 . 6 7.±0 . 0 1 - 1 . 2 6.± .  0 1  
[ Co ( S - P ) 2 ( CH 3 C N ) ]
2 + 0 . 1 9.±0 . 0 2 - 0 . 8 8.±0 . 0 1 - 1 . 7 4.±0 . 0 1 - 2 . 4 8.±0 . 0 2 
[ Fe ( S - P ) 2 ( CH 3 CN ) 2 J
2 + 1 . 0 0.±0 . 0 1 - 1 . 5 4.±0 . 0 2 - 1 . 9 5.±0 . 0 2 
[ N i ( P - P ) 2 ]
2 + - 0 . 7 1 - 0 . 8 9 
[ C o ( P - P ) z ( C H 3 C N ) ]
2 +  1 .  2 0  - 0 . 7 1 - 1 . 5 6  - 2 . 0 3 
[ Fe ( P - P ) 2 ( CH 3CN ) z ] 
2 +  1 .  0 5  - 1 . 5 1 - 1 . 7 9 
P - P = DPPE = Ph 2PCH zCH zPPh 2 
aRe f e r ence f o r DPPE c omp l e x e s  [ 1 8 ]  
results  ind icate that by replac ing a pho sphine donor l igand with a sulfur 
donor l igand the potentials ( e . g .  e l e c t ronic balanc e )  were changed to a 
sub t le degre e . An increase  in the reduc t ion potentials  indicate that the 
presence of  a sulfur donor induc e s  more e l e c t ron dens ity to res ide on the 
me tal . 
The nicke l ( I I ) , cobalt ( I I ) , and iron ( I I )  complexes were t e s ted  for  
the ir r eac t ivity at  various oxidat ion s t a t e s . A p o s i t ive po tential shi f t  
i n  a wave indicated reac t ivity . The nicke l ( O )  and cobal t ( O )  were  
reac t ive with S-P  and PPh3 while  t he  iron complex was no t .  All  o ther 
oxidat ion s ta t e s  appeared nonreac t ive . The chemical reac t ion was 
b e l ieved to be  sub s t i tut ion o f  the pos phine sub s trate  into the complex 
opening the che late  r ing . The s e  results  indicated  a coordinat ion s ite  
that was ac t ive . The nicke l ( O) and cobal t ( O )  appear the  best  candidat e s  
to produc e c atalyt ic ac t ivity . Future inve s t igat ions should focus on the 
ac t ivity of the s e  complexes e l e c t r o chemically , or  on isolat ion of the 
comp lex and then t e s t ing by chemical me thods . 
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